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Optical trapping and tweezing has been around for the last 30 years and since found its place in the 
fields of physics and biology.  Over the years this technique has advanced exceedingly and is a 
unique tool to carry out research in the micrometre and nanometre scale regime. The aim of this 
dissertation was to illustrate that an optical trapping and tweezing system is an effective tool for the 
manipulation of micron sized particles and that using such a system allows one the ability to 
accurately and precisely measure optical forces in the piconewton scale. A custom built single 
gradient optical trapping system was built to illustrate the manipulation of micron sized particles. 
Here we will highlight some of the key components of such a system and give an explanation of 
how these components affect the optical trap. To enhance this system, we exploit the ability to 
shape light and in particular laser light to generate novel laser beams.  This was achieved using a 
diffractive optical element known as a spatial light modulator (SLM). 
 
A spatial light modulator is an electronically addressed optical element which when incorporated 
into an optical system effectively manipulates the p ase of light in order to generate various novel 
laser beams. In particular these novel laser beams include Laguerre-Gaussian, Bessel and recently 
proposed Bessel-like beams. Each of these beams contains interesting properties which can be 
beneficially exploited. Laguerre-Gaussian beams are p rticularly known as ‘donut’ shaped beams 
since they have a central dark hole. Increasing the ord r of these Laguerre-Gaussian beams leads to 
an increase in the central dark region. These beams are of particular interest since they carry orbital 
angular momentum. This is not easily observed; however, when incorporated into the optical 
trapping system, leads to the rotation of trapped particles due to the transfer of photons carrying 
orbital angular momentum. Bessel and Bessel-like beams on the other hand are classes of beam that 
possess interesting non-diffracting and self-reconstructive properties upon encountering an obstacle.  
Here the generation and properties of these novel laser beams will be discussed in detail. 
Furthermore it is well known that these novel laser b ams prove highly useful when incorporated 
into an optical trapping system hence we will illustrate the effects on a trapped particle when 
incorporating a Laguerre-Gaussian beam carrying a topological charge of one. It is expected that the 






The knowledge gained from beam shaping and the means to trap micron sized particles optically 
allows one the ability to incorporate this technique in a number of fields, including the promising 
field of microfluidics. This is an emerging field that deals with investigating fluid properties at the
nano and microlitre regime. Optical tweezers integrated into a microfluidic device are beneficial 
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Since the first optical trap, discovered over 30 years ago, optical trapping and tweezing has become 
a well known application to manipulate micron size particles without physical contact. Optical 
trapping found its place in the world of physics in the early 1960s when Authur Ashkin and 
colleagues at Bell Laboratories discovered that micron sized particle could be trapped and levitated 
in the medium of air and water by the use of counter propagating laser beams (Ashkin, 1970). Upon 
the attempt to further develop this application they discovered the first three dimensional single 
gradient optical trap, widely known as an optical tweezer (Ashkin et al., 1986). Today optical 
tweezers are extensively studied both in the fields of physics and biology. 
For a biologist this application is useful to trap bacteria and viruses and understanding the 
limitations of trapping at the single cellular level. On the other hand to a physicist optical tweezing 
opens a window to determine piconewton forces (Rohrbach & Stelzer, 2002). There are two 
influential forces that act on a dielectric particle that determines the ability of the particle to be 
trapped, namely the scattering force which acts in he direction of radiation pressure and pushes the 
particle along the propagation of the beam of light and the gradient force that acts in the direction of 
the intensity gradient of the beam of light. A stable trap is achieved when the gradient force exceeds 
the scattering force. Due to the advancement of technology today, precise and accurate methods can 
be used to determine these forces, which will be dealt with in section 4.4. 
Apart from building a single gradient optical trap for the manipulation of single particle, it is 
possible to build novel traps which are made possible by incorporating a spatial light modulator into 
an optical trapping system. A spatial light modulator is a diffractive optical element that is 
electronically addressed. Incorporating a spatial light modulator into an optical trapping system will 




allow one the ability to not restrict trapping to a single particle at a time since it is useful tool for 
producing an array of optical traps that can be indiv dually controlled (Mellville et al., 2003).  
A spatial light modulator can serve other purposes within an optical trap and in particular it allows 
for versatile beam shaping. Beam shaping using diffractive optics allows for the generation of 
various types of novel laser beams which will be mentioned in chapter three; those that will be 
discussed include Laguerre-Gaussian beams that carry orbital angular momentum and Bessel beams 
which are non-diffracting in nature.  Each of these beams has their own interesting properties which 
can add value to an optical trap. Incorporating these novel beams into an optical trap leads to the 
advancement of the trap. Instead of just three dimensional manipulation of a trapped particle, it is 
also possible to rotate or spin particles. 
Here we will discuss the procedure to build a single gradient optical trap and use the advancements 
in fast speed video microscopy to accurately and precisely calibrate the trap. We will look at the 
generation of novel laser beams using a spatial light modulator especially the generation of Bessel 
beams and consider an entirely new concept of producing Bessel-like beams with z-dependent cone 
angles. We will take this a step further and consider the transfer of orbital angular momentum 
(OAM) to a trapped particle when trapping with a Laguerre-Gaussian beam by incorporating a 
spatial light modulator into the optical trapping system.   
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Laser Beam Propagation 
 
Light is described in terms of electromagnetic radiation which is a form of energy that displays 
wave-like behaviour as it travels through space.  Electromagnetic radiation has both an electric and 
a magnetic component which oscillate perpendicular to each other and perpendicular to the 
direction of energy propagation. There exist numerous sources of light however of particular 
interest is the propagation of laser light. Laser light is monochromatic and directional and it is 
known to have a high degree of spatial and temporal coherence unlike white light that diverges 
rapidly as it propagates. Most lasers are built such that they emit a beam with an approximate 
Gaussian intensity profile. In order to determine th field of a Gaussian beam one can consider two 
approaches: either using the Fresnel diffraction equation or by solving the time independent 
Helmholtz equation (Siegman, 1986). By considering the Helmholtz approach we can show that the 
field of a Gaussian beam consist of the following parameters: beam width, Rayleigh range and 
beam divergence. There exist other solutions to the Helmholtz equation which include Laguerre-
Gaussian beams, Hermite-Gaussian beams (Kogelnik and Li, 1966), Mathieu beams (Gutierrez-
Vega et al., 2000) and Ince-Gaussian beams (Bandres & Gutierrez–V ga 2004a; Bandres & 
Gutierrez–Vega, 2004b). We choose the Helmholtz approach as the appropriate starting point which 
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2.1 General Solution to the Time Independent Helmhotz Equation 
The time independent Helmholtz equation consists of all scalar quantities and reads as 




ikzrE              (2.1) 
where ),( zrE is the electric field in the radial direction, k is the wave number and 2∇  is the 














∂=∇           (2.2) 
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The paraxial approximation is defined by the condition zzrEkzzrE ∂∂<<∂∂ /),(/),( 22  which 
means that the longitudinal variation in the modulation function ),( zrE  changes very little in the 
wavelength associated with beam k/π2 . In this approximation the third term in Eq. (2.3) can be 
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In order to solve for the electric field in Eq. (2.4), a simple trial solution is considered in the form of 
















zPEzrE             (2.5)     
where 222 yxr += , 0E is the initial electric field and )(zP  and )(zq  are analytic functions of z. We 
substitute the trial solution, Eq. (2.5), into Eq. (2 4) and we thus arrive at a form that is easily 
differentiable 
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E           (2.8) 
For the above equation to hold true it can be clearly seen that all the terms within the square 
brackets have to equal zero 











            (2.9) 
For an arbitraryr the above equation can be separable into two parts such that an expression for 
)(' zq and )(' zP can be determined
 
                                                        ,1)('0)('1 =⇒=− zqzq            (2.10) 
and 













          
(2.11) 
It is well known that Rizzzq +=)(  hence the derivative of the analytic function P(z) is given as 
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which can be integrated to give )(zP as 























    
(2.13) 
By inverting the term Rizzzq +=)(  we can further write this term as  











−=                                                   (2.14) 
The term )(zP can be simplified such that it takes the form of the p ase of the field seen below 
                                                   ]ln[)( RizzizP +−=  
















          
(2.15) 
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By substituting the results obtained in Eq. (2.16) into the trial solution Eq. (2.5) and assuming by 
definition the expression for the radius of curvature and beam width is known the field can be 
expressed as  





































EzrE ζ                       (2.17) 
where ( )/zztanζ(z) R1−=  is the Gouy phase term, )(zR  is the radius of curvature and )(zw  is the 
beam width.  
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2.2 Gaussian Beam Propagation 
A Gaussian beam is propagation invariant which means it retains its spatial distribution as it 
propagates in free space, however there in a change is size as illustrated in Fig. 2.1. 
 
 
Fig. 2.1 Propagation of a Gaussian beam in free space along the optical axis. 
In order to determine the geometric properties of a G ussian beam, each of the parameters 
mentioned in Eq. (2.17) have to be considered indivdually (Saleh & Teich, 1991). We consider a 
Gaussian beam propagating in free space with respect to the optical axis, where the width of the 
beam varies as a function of the propagation distance z as  











wzw                                                    (2.18) 
where z is the propagation distance and 0w is the beam waist and Rz is the Rayleigh range.  The 
Rayleigh range is the distance along the direction of propagation from the beam waist to the point at 




=     
where λ is the wavelength. As observed, the Rayleigh range is directly dependent upon the beam 
waist and inversely proportional to the wavelength. As the propagation distance increases the beam 
width Eq. (2.18) increases linearly, further seen by the dashed line in Fig. 2.2. Clearly 0w is the 
point at which the beam width is at its minimum when 0=z . 
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Fig. 2.2 Geometrical interpretation of the beam width with respect to propagation distance. 
It is not only the size of the beam that changes with an increase in propagation distance, there is also 
a change in wavefront of a Gaussian beam which can be expressed in terms of the radius of 
curvature given as 










zzR R                                                    (2.19) 
Similar to the width of the beam, the radius of curvature is dependent on the Rayleigh range and the 
propagation distance. As z tends to infinity, the radius of curvature changes linearly with respect to 
z hence the wave-front is planar as observed in Fig. 2.3. 
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Fig. 2.3 The following plot illustrates a flat radius of curvature as z tends to infinity, the radius of 
curvature is infinite at z=0. 
Consequently when the propagation distance is equivalent to the Rayleigh range then the beam 
width Eq. (2.18) increases to 02w which shows that the beam width is larger than the beam waist 
by a factor 2 . The radius of curvature on the other hand is infin te at the beam waist. The 
divergence of a Gaussian beam is also related to the Rayleigh range such that once the limit of  
Rzz >>  is reached, the beam would diverge rapidly and is defined by 







                                                    (2.20)
 
Furthermore we identify that the phase of a Gaussian beam can be determined by considering the 
Gouy phase term which describes the 2/π  phase shift once the beam crosses the beam waist which
is defined by 










zζ                                                     (2.21) 
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This Gouy phase term has to be taken into account when information about the wavefront is 
required as illustrated in Fig. 2.4. Noticeably thephase is zero at 0=z and increases asymptotically 
towards a value of 2/π as the propagation distance increases. 
 
Fig. 2.4 The Gouy phase undergoes a 2/π shift upon crossing the beam waist. 
Since we have dealt with all the parameters of a Gaussi n beam we now look to simplify the field 
even further. Since it is the intensity of the field that is observed in most experimental setups, 
instead of the electric field, taking the absolute square of the electric field Eq. (2.17) denotes the 
intensity of a Gaussian beam as defined as 
























2IzrEcEzrI                                (2.22) 
where 0E and 0I are the electric field and intensity of the beam at the beam waist respectively. This 
intensity distribution is further illustrated in Fig. 2.5. A Gaussian beam has the highest intensity at 
the peak (z=0) after which the intensity falls off t  zero. 
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Fig. 2.5 The following represents the transverse int nsity profile of a Gaussian beam. 
To this point all the parameters to describe a Gaussi n field were discussed with respect to free 
space propagation; however, in every optical system the field will also pass through various optics 
which include lenses and mirrors just to name a few. Hence to properly understand the propagation 
of a Gaussian beam within an optical system, the propagation of the field through an optical 
element should be considered. ABCD matrices are a ray tracing technique that can be used to 
design an optical system by tracing the light path through the system. Listed in Table 2.1 are the 
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Table 2.1 List of a few common ABCD matrices that a light beam would encounter. 
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These ray transfer matrices are important for the understanding of how light rays are affected within 
an optical system. As an example, let us consider the effect of a light ray in free space. Since each 
ray is described in terms of position y  and angle θ  we can define the initial ray to have a position 
1y and an angle1θ  passing through a system giving a final ray having a position 2y and an 
angle 2θ (See Fig. 2.6). To determine the position and angle of the final ray, we have to traverse 
through the system from right to left.  
 
Fig. 2.6 The effects of a single light ray travelling through free space. 
Hence to obtain the position and angle of the final ray we simply multiply the initial ray by the free 
space propagation matrix as seen below  




























                                                   (2.23) 
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From the above equation, it is seen that the position of the final light ray is altered by 
zyy 112 θ+= while the direction of the ray remains the same, 12 θθ = .   
This approach can be carried out for the rest of the ray transfer matrices. The propagation of rays 
through a thin lens is the most familiar, Table 2.1(b) and can be used to determine the width of a 
beam. The ray transfer matrix for a thin lens is dependent upon the focal length of the lens,f . Since 
in the image depicts a biconvex (positive) lens, all the light rays passing through the lens will focus 
at a distance f away from the lens. Since most optical systems use mirrors to direct light rays, 
Table 2.1(c) illustrates the effects on a light rayupon encountering a planar mirror. For a planar 
mirror the light rays will enter at angle θ1 and leave with an angle θ2, where θ1= θ2. When a light ray 
travels through two mediums of different refractive ndices n1 and n2, Table 2.1(d), the ray will bend 
due to a change in the angle at the interface of the media.  
So far we have considered free space propagation and next we will look at the effects an optical 
element will have on a beam. The obvious choice would be to look at the propagation of a beam 
through an optical lens hence we choose a thin lens. Referring to Fig. 2.7.the light rays are well 
collimated or in other words parallel to the optical axis upon encountering the lens of focal length, 
f and focused at a distance z ≈ f away from the lens. 
 
Fig. 2.7 Parallel light rays upon encountering a lens are focused a distance z ≈ f after the lens. 
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In order to determine the width of the beam at the focus of a thin lens we require information about 
the propagation of a beam through free space as well as through a thin lens which can be extracted 
from Table 2.1.  
Multiplying these two matrices out gives an indication of the ABCD matrix for a beam travelling 
through a lens as seen below  
















                                         (2.24) 
The complex radius of curvature of a Gaussian beam can be written as 

















                                                 (2.25)
 
In order to eliminate the denominator in Eq. (2.25), 2q is multiplied and divided by the complex 
conjugate and thereafter taking into consideration only the real values of 2q yields  




















and hence setting the real parts of q2 to zero 
                                                            .0
2
2 =+= zACzq R                                                    (2.26)                             
From the ABCD matrix, it is clear that fzA /1−= and fC /1−= , substituting these results into 
Eq. (2.26), we are able to solve for the propagation distance 























                                                  (2.27)
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In order to eliminate all unwanted terms we multiply and divide by 2f and divide out by 2Rz  which 
leaves a simplified expression for the propagation distance 

















z                                                    (2.28) 
Substituting the result obtained for the propagation distance Eq. (2.28) into the expression of the 
beam width Eq. (2.18), yields the beam width at a distance fz ≈  given by  




wfw +=                                                 (2.29) 
Recalling that the Rayleigh range is given by λπ /20wzR =  and substituting this into Eq. (2.29), 
results in the expression  






λ=                                                    (2.30)                    
From Eq. (2.30), it is observed the width of the beam is dependent on the focal length of the lens 
and inversely proportional to the beam waist.  This equation proves helpful when setting up an 
optical system, in allowing determination of the width of the beam at the focus of the beam. The 
propagation of a beam through a thin lens can also be used to determine an expression for the 
imaging equation. If an object is placed a distance 0d  in front of a thin lens, the image would 







NOVEL LASER BEAMS FOR OPTICAL TRAPPING AND TWEEZING 




Fig. 2.8 Image of a beam through a thin lens illustrating the effects of imaging of an object. 
 
For convenience, the object is labelled AB while thimage of the object is represented by CD. F is 
the focal length of the lens and OE is the representatio  of the object at the lens. Now we find 
similar triangles to find the relation between the object and the image 
In triangles EFO and DFC, using similar triangles, the ratio of the equal sides of the triangles can be 
written as OFCFEOCD // = . This can be expressed in terms of the image distance, object 
distance and focal length as follows, 








CD ii                                          (2.31) 
Similarly considering triangles DOC and AOE, 








CD ==                                                   (2.32) 
Clearly it can be seen that OEAB = , hence both equations can be equated to give  






d =−                                                    (2.33) 
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Upon dividing by the image distance and rearranging the terms, we end up with an expression for 
the imaging equation as  




+=                                                    (2.34) 
Furthermore the magnification,m , can written as a ratio of the image to the object distance 







                                                   
   (2.35) 
It was mentioned that lasers emit a beam width an approximate Gaussian profile. However there 
was no mention about the quality of the beam itself. This can be determined by measuring the beam 
quality factor 2M  which is determined by equating the 2M with the product of the beam waist and 
the beam divergence 




λθ Mw =                                                    (2.36) 
Experimentally the M2 value is determined by measuring the width of the beam as it propagates 
upon passing through a thin lens of focal lengthf .  Here for convenience a lens with a focal length 
of 300 mm was chosen and the beam width was measured from a distance 75mm in front of the lens 
to 600 mm away from the lens.  By expanding Eq. (2.18) using the results obtained in Eq. (2.36) we 
attain a quadratic form of the beam width as given in Eq. (2.37) that can be easily plotted to 
determine the beam parameters.   







































                       (2.37)                                                                                                
By plotting the beam width with respect to the propagation distance, (see Fig. 2.9), and fitting a 
second order polynomial, the values for the coeffici nts in the polynomial in conjunction with the 
expression in Eq. (2.37) can be used to calculate the values of the beam waist, beam quality and z 
position of the waist using  
                                                                      λ
π aw
M 02 =                                                    (2.38) 
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0 −=                                                   (2.39) 





−=                                                    (2.40) 
Carrying out the necessary calculations, the beam width was measured to be 0.099 ± 0.002 mm, the 
beam quality was 1.148 ± 0.054 and the z position of the waist was 341.72 ± 0.21 mm. Since we 
expected that the field is a Gaussian distribution with a beam quality factor 1 and we measured the 
beam quality factor to be 1.148 ± 0.054 we can conclude that we have a good quality Gaussian 
beam.  
 
Fig. 2.9 Plot of the change in beam width due to an increase in propagation distance upon passing 
through a thin lens of focal length 300 mm. 
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3.1 Laguerre-Gaussian Beams 
As previously mentioned there exist other types of laser beams which, like a Gaussian beam, also 
hold interesting properties. One such beam is that of a Laguerre-Gaussian field which is also a 
solution of the Helmholtz equation where the electric field is expressed as (Galvez, 2006) 









































































               (3.1) 
As in the case of a Gaussian  beam, most of the parameters retain their symbolism where )(zw is the 
beam width, lpL  is the generalised Laguerre polynomial, and l  and p are the topological charge 
and the radial order respectively, )(zR is the radius of curvature , )(zζ  is the Gouy phase shift and 
φ is the azimuthul phase. The term that contains the azimuthal phase, )xp( φli , is identified with 
the amount of orbital angular momentum carried by the beam. It has a quantized lπ2  azimuthal 
phase and leads to an orbital angular momentum of lh  per photon (Kennedy et al., 2002). This is a 
general form of a Laguerre field and can be simplified to a Gaussian beam by setting the values of 
the topological charge and the radial order to zero. If considering the generalised case where the 
topological charge,l , is non zero, varying the order of the topological harge while keeping the 
radial order fixed at zero leads to the generation of the different order Laguerre-Gaussian beams 
carrying integer amounts of orbital angular momentum. 
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 To further understand this concept, consider the wavefront of a beam carrying a topological charge 
of one. Instead of being planar, the wavefront is helical in shape and the phase of the wavefront will 
vary phase from 0 to 2π once as seen in Fig. 3.1. 
 
Fig. 3.1 Helical wave-front of a Laguerre-Gaussian beam showing one rotation from 0 toπ2 . 
Increasing the order of the topological charge leads to an increase in the number of cycles between 
0 and π2  where these beams also possess an on axis zero intnsity. This region of zero intensity as 
in the case of the orbital angular momentum is also dependent on the topological charge. By 
increasing the order of the topological charge the diameter of the region of zero intensity also 
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Fig. 3.2 Theoretical images of various orders Laguerre-Gaussian beams: (a) Laguerre-Gaussian 
beam carrying a topological charge of 1, (b) Laguerre-Gaussian beam carrying a topological charge 
of 2 and (c) Laguerre-Gaussian beam carrying a topological charge of 3. 
There are numerous experimental methods to produce thes  beams (Arlt et al., 1992; Beijersbergen, 
1994; Clifford et al., 1998; Heckenberg et al., 1992; Turnbull et al., 1996). Beijersbergen et al. 
were the first to demonstrate the existence of Laguerre-Gaussian beams by a method known as 
mode conversion. This method makes use of two cylindrical lenses that are used to define a region 
in which the Gouy phase of a beam can be manipulated. By enforcing a π/2 phase shift on a 
Hermite-Gaussian beam they were able to convert this beam to a Laguerre-Gaussian beam. 
However there are easier approaches which include the use of diffractive optics, namely phase 
plates, demonstrated for the first time by (Bazhenov et al., 1990) where a hologram with a screw 
dislocation was etched onto a plate in order to generate Laguerre-Gaussian beams of azimuthal 
order ±1 depending on the left and right handedness of the forked pattern. Other methods include 
making use of digital holography which is the most cost effective route. In this case by using a 
spatial light modulator, which is a liquid crystal device that is electronically addressed, the phase of 
the incoming beam is modulated to produce the desired f eld. There exist other beams which also 
carry orbital angular  momentum such as higher-Bessel beams, which are the solutions to the 
Helmholtz equation; due to the fact that they are enveloped by Laguerre-Gaussian beams (Dholakia 
& McGloin, 2005), also there exist Mathieu beams (Gutierrez-Vega et al., 2000) and Ince-Gaussian 
beams which are the explicit solution to the wave equation in elliptical cylindrical coordinates and 
which complete the family of beams that carry orbital angular momentum (Bundres & Gutierrez-
Vega, 2004c).  
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Laguerre-Gaussian beams are useful within optical trapping systems since they cause trapped 
particles to rotate due to the transfer of orbital angular momentum (Aterson et al., 2001; He et al., 
1995). The combination of a higher-order Laguerre-Gaussian beam with a Gaussian beam allows 
for atoms to be trapped within a magneto optical trap (Snadden et al., 1997). These beams have also 
been used as toriodal traps for Bose-Einsten condensat  (Tempere t al., 2001; Wright et al., 2002) 
and optical dipole traps (Kuga et al., 1997). They can also write optical wave guides in atomic 
vapour (Truscott et al., 1999). 
 
3.2 Bessel and Bessel-Like Beams 
3.2.1 Bessel Beams 
A Gaussian beam as stated previously is well defined and retains its spatial distribution as they 
propagate. It was also seen that Gaussian beams diffract as they propagate upon reaching a certain 
distance defined by the Rayleigh range. There exists however a class of beams that are non-
diffracting in nature, Bessel beams. They are a solution to the Helmholtz equation (Durnin et al., 
1987). Mathematically a Bessel beam is said to exist over an infinite area and carry an infinite 
amount of power. This holds to be true in theory however this ideal case is not reproducible in the 
laboratory. In principle we are able to generate a Bessel-Gauss beam where the field is represented 
as (Gori et al., 1987) 









































































            (3.2) 
whereA is the amplitude factor, 0J  is the  zeroth-order Bessel function while rk is the radial wave 
vector and 0w is the initial beam waist. The remaining parameters)(zw , Rz , )(zR and )(zζ hold the 
same definition as for a Gaussian beam.  By setting he propagation distance z to equal zero, the 
field is further simplified to a form that is easily recognisable as a Bessel function enveloped by a 
Gaussian beam 
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It is also possible to produce various higher order B ssel beams by merely replacing the starting 
field by a Laguerre Gaussian field.  The field of a higher order Bessel beam is represented by 
 










































































       (3.4) 
where the order of the topological charge, l ,determines the order of the Bessel beam and the rest of 
the parameters hold the same definition as explained pr viously. 
The original method for producing these beams introduced by Durnin and colleagues was to use a 
circular slit to produce an annular ring that was illuminated onto a lens (Durnin et al., 
1987),however over the years other methods were demonstrated both internal and external to the 
laser cavity which include the use of anistropic crystals (Khilo et al., 2001), holography (Vasara et
al., 1989; Davidson et al., 1991) and using a conical optical element known as an axicon (Artl & 
Dholakia, 2000).  
Although holography is considered as the most versatile since it is the easiest approach, the use of 
an axicon is the most efficient since it allows foralmost a hundred percent transmission of the 
incoming light and it eliminates the generation of other orders that would be seen in the case of 
holography. For this reason experimentalists prefer this method over the rest. From here onwards, 
producing a Bessel beam by the use of an axicon will be discussed in detail. 
An axicon is a conical optical element that transforms any field into a non-diffracting field. When 
an axicon is illuminated by some arbitrary field, the light rays will propagate along the cone to form 
a diamond shaped region in which the Bessel field exists. Anywhere within this region the Bessel 
field will be non-diffracting.  
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The non-diffracting region of a Bessel beam is defined by maxz  and denotes the maximum distance 
the Bessel field can propagate given by 








≈=                                                (3.5) 
where k  the wave vector, rk  is the wave vector in the radial direction given by θsink , 0w is the 
Gaussian beam waist and θ  is the opening angle defined as 
                                                                        ,)1( γnθ −=                                                    (3.6) 
where γ is the cone angle of the axicon and  is the refractive index. Since maxz is inversely 
proportional to the opening angle which is directly proportional to the cone angle of the axicon, it 
can be concluded that the non-diffracting region is dependent upon the cone angle such that the 
smaller the cone angle the greater the non-diffracting region. Looking at slices of the non-
diffracting region it is clear that the Bessel field will have a maximum radius at 2/maxz , this radius 
is defined as  
                                                                  .tanmaxmax θzr =                                                    (3.7) 
Considering the field entering the axicon, if a Gaussian beam is used as the starting field then the 
light rays will travel along a cone such that they will interfere and form a region in which exists a 
zero-order Bessel beam as seen in Fig.3.3. 
 
Fig.3.3 Generation of a Bessel-Gauss beam by illuminating an axicon with a Gaussian beam. 
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Anywhere within this region,maxz  , the Bessel beam is non-diffracting, however, at the boundary of 
this non-diffracting region the Bessel field undergoes an abrupt change in spatial transformation 
from a Bessel field (near-field intensity profile) to a conical field characterised by an annular ring
(far-field intensity profile). This is depicted in Fig. 3.4. 
 
Fig. 3.4 Intensity profile of a zero order Bessel bam: (a) near-field intensity profile where the 
intensity is greatest at the central position thereafter the intensity decreases moving further away 
from the central position. (b) far-field intensity profile is an annular ring. 
Similar to a zero-order Bessel field, a higher-order B ssel field will also have a conical field in the 
far-field, however in the near-field, the Bessel fid has a central zero-intensity dependent upon the 
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Fig. 3.5 Intensity profile of a higher-order Bessel b am carrying a topological charge of one in the 
(a) near and (b) far-field. 
 
Bessel beams also hold interesting properties since they are not only non-diffracting, but they are 
also self-reconstructive, which means these beams have the ability to reconstruct upon encountering 
an obstruction (Bouchal et al.., 1998; Litvin et al., 2009; Sogomonian et al., 1997). Since the light 
rays travel parallel to the optical axis, placing an obstacle in the path of the beam will cause some f 
the light to be obstructed by the obstacle, however any of the light rays that are not blocked will 
reconstruct to form the Bessel beam. A geometric model is used to illustrate the effects of 
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Fig.3.6 Self reconstruction of a Bessel beam upon encountering an obstacle placed within the non-
diffracting region. 
Since the obstacle will block off some off the light, there exists a shadow region from the obstacle 
to the point at which the beam will reconstruct. This shadow region is defined by minz  as 




z =                                                        (3.8) 
As observed in Fig.3.6, the region that is shaded in blue represents the region of reconstruction of 
the Bessel beam. The only limitation placed on the reconstruction of these beams is that the 
obstruction has to be placed within the non-diffracting region. The abrupt change in intensity profile  
from the near to the far field can be considered a major disadvantage to such beams, however we 
have come up with a way to overcome this problem (section 3.2.2.), and as far as we know this has 
not been done before. 
 
3.2.2 Bessel-Like Beams  
Up until this juncture a single axicon was used to generate various orders of Bessel beams that 
existed for a finite propagation distance. It has been shown that this limited region of validity of the 
Bessel beam can be overcome by generating Bessel beams with z-dependent cone angles. These 
beams are so-named Bessel-like beams and have the advant ge of retaining their spatial intensity 
distribution as they propagate from the near- to the far-field. Many techniques have been considered 
for the generation of BLBs, including introducing spherical aberrations into an optical system 
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(Gonchasov et al., 2007; Jaroszewics & Morakes, 1998). The idea here is to form cone–like 
propagation in order to obtain a uniform on–axis profile. Alternatively these beams are generated 
using a defocused Galilean-type telescope in order to introduce negative spherical aberrations into 
the optical system (Aruga, 1997; Aruga et al., 1998) however it was recently shown that it is 
possible to create such Bessel-like beams using an aberration free method (Belyi et al., 2010) which 
will be discussed in the remainder of this section. The scheme proposed to produce these Bessel-
like beams consists of two axicons and a lens as illustrated in Fig. 3.7. 
 
Fig. 3.7 Schematic of optical design to produce z-dependent Bessel-like beams which retain their 
spatial distribution from the near to the far field. 
When a Gaussian beam is passed through the lens and the first axicon an annular ring is produced 
which is the Fourier transform of the Bessel field produced by the first axicon. This annular ring 
thereafter illuminates the second axicon such that the Bessel field that is generated exists not only in 
the near-field,  since as it is propagated into the far-field it retains its spatial distribution. The spatial 
distribution is retained by varying the cone angle as a function of propagation distance such that as 
)(zγ  tends to zero the Bessel field will exist in the far- ield or as it tends to infinity.  
Confirming this idea mathematically, the stationary phase method is implemented in order to 
deduce firstly that the field entering the second axicon is conical. From the Fresnel integral, the 
field at the input plane of the second axicon is defined as  
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0 2/2//1/1 zikFikw −+=ρ , 0w is the beam radius of the Gaussian beam, 1z is the 
distance between the two axicons, 2γ is the cone angle of the second axicon,  0k is the wave 
number, ρ is the radius, ϕ  is the angle and F  is the focal length of the Fourier lens. Thereafter, 
applying the stationary phase method to the field yields 
 
                           
( )



























































                     (3.10) 
                                                                    
As calculated above, the field some arbitrary distance z after the second axicon is thereafter 
determined from                                            
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where  
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and the radius of curvature is written as  












zzR                                                 (3.1 ) 
We define the cone angle as a function of the propagation distancezas 









−+= γγγγ                                              (3.14) 
Using the known asymptotic form of the zero-order Bessel function of the first kind, 
)4/cos(/20 ππ −≈ zzJ , the field after the second axicon is attained as 









































                       (3.15) 
Clearly Eq. (3.14) shows that the cone angle, γ, is dependent upon the longitudinal distance z and it 
confirms that an increase in z will lead to a decrease in the cone angle. Similarly the above 
mathematical approach can be carried out for higher-order z-dependent Bessel-like beams (Beyli t 
al., 2010). These z-dependent Bessel-like beams, just like Bessel beams, also have the ability to self 
reconstruct; however, since they retain their spatial distribution as they propagate, the position of 
the obstacle is not limited and can be placed at any point along the propagation axis.
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Optical Trapping and Tweezing 
 
4.1 An Overview 
On a daily basis the movement of objects on a macro-s ale is observed, a good example would be 
the forces applied to push and pull a block which results in the movement of the block from one 
point to the next. The greater question here is, can we achieve this with light? The answer lies in a 
well known application known as optical trapping and tweezing, discovered over 40 years ago by 
Authur Ashkin at the Bell laboratories whereby light was used as a tool to manipulate micron sized 
particles (Ashkin, 1970). 
The first stable optical trap was demonstrated in the early 1970s which involved the use of 
focussing two visible wavelength continuous wave laser beams onto a trapping chamber, containing 
either of micron sized liquid or gas particles, which was centralised between the two beams as in 
Fig. 4.1. It was observed that the particles, upon entering the vicinity of the light beams, were 
accelerated within the chamber in the direction of greatest intensity of light which was due to the 
forces arising from the radiation pressure of each beam. Furthermore, blocking off one of the beams 
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Fig. 4.1 First optical trap demonstrated by Arthur Ashkin, known as the dual beam trap or counter-
propagating beam trap. 
Approximately 16 years later, Authur Ashkin and colleagues reported the existence of the first 
single gradient optical trap which was the successor of the counter propagating trap (dual beam 
trap). Unlike the dual beam trap where the forces of radiation pressure merely accelerated the 
particles, it was proven that a second component of the radiation pressure existed which acted in the 
backward direction towards the axial intensity gradient (Ashkin et al., 1986). Since then optical 
trapping and tweezing has been extensively studied to manipulate micron and recently nano sized 
particles (Dienerowitz, 2008). With the growing development of the field of holography, optical 
tweezers over the years has advanced considerably to the extent that it is possible to demonstrate 
trapping of an array of particles (Mellville et al., 2003; Schonbrun et al., 2005; Woerdemann et al., 
2009). Optical trapping is a versatile tool for accurate and precise investigation with respect to 
Piconewton force measurements. Over the years it ha also become a key tool for many applications 
in the biological field (Abbondazierim et al., 2005; Block et al., 1989; Neuman et al., 2003, Perkins 
et al., 2004; Shaevitz et al., 2003). There have been an extensive review of the construction and 
principles of an optical trap (Neuman & Block, 2004; Molley & Padgett, 2003; Smith et al., 1999) 
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4.2 Principle of an Optical Trap 
An optical trap is attained by strongly focussing a light beam through an objective lens with a high 
numerical aperture in order to form a diffraction limited spot. Since light contains photons which 
carry energy νhE = and momentum λ/h , a successful trap is dependent upon the change of linear 
momentum acting on a particle. As mentioned previously it is the forces due to radiation pressure 
that determine the magnitude of the trap. The trapped particle is governed by two forces acting upon 
it, namely the scattering and the gradient force.  
The scattering force pushes the particles in the dir ction of light propagation while the gradient 
force on the other hand acts in the direction of the intensity gradient. For a stable trap, the gradient 
force must exceed the scattering force which leads to table trapping in the axial direction. It is 
possible to also attain lateral trapping. 
In order to describe the forces acting upon the particle, there are three models to consider (which are 
dependent upon the wavelength of the trapping laser λ  and the diameter of the particle a ), which 
arise from the scattering theory of light (Barton & Alexander, 1989; Barton et al., 1989; Gouesbet 
et al., 1988). For large particles, i.e. λ>>a , the Mie regime is applicable to determine the 
respective forces.  If the particles are smaller in comparison to the wavelength of the trapping laser, 
with λ<<a , then the Rayleigh regime should be considered, as illustrated in Fig. 4.2. Both of 
these regimes will be explained further in the next two sections. There exists a third regime known 
as a Lorentz-Mie regime where the diameter of the particle is comparable with respect to the 
wavelength of the trapping laser, note λ≈a  (Rohrbach & Stelzer, 2002), however we will not 
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Fig. 4.2 Dependence on particle size and the wavelength of the trapping laser: Mie Regime when 
the size of the particle is greater than the wavelength of the trapping laser. Rayleigh regime when 
the size of the particle is less than the wavelength of he trapping laser.  
4.2.1 Mie Regime 
Within the Mie regime, ray optics is used to describe the forces acting on the particles as illustrated 
in Fig. 4.3. When the incident light impinges on the particle, it is refracted due to a change in 
medium, which will cause a change in momentum. According to Newton’s third law, an opposite 
and equal change in momentum acts on the particle. Hence the force that acts upon the particle is 
equal to the rate of change of momentum which is proportional to the light intensity. As seen in Fig. 
4.3(a), if the incident rays are parallel before impinging upon the particles, then the intensity 
gradient increases from left to right hence the particle will be attracted to the centre of the beam 
consequently lateral trapping is achieved. On the or hand when the light rays are tightly focused 
and thereafter impinge upon the particle as in Fig.4.3(b), then the net force is toward the focus and 
a stable three dimensional trap is obtained (axial trapping). 
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Fig. 4.3 The diagram illustrates the particles behaviour within the Mie regime, (a) when the light 
rays impinging onto the particle are parallel then the particle is attracted to the centre of the beam 
(lateral trapping) however (b) when the light is tightly focused before interacting with the particle, 
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Consider the scattering of a single ray off a particle as seen in Fig. 4.4. If an incident ray 
P impinges onto the particle, it is refracted and reflected causing a change in momentum.  
 
 
Fig. 4.4 Single ray impinging upon a particle causing a reflection and refraction of rays. 
The total force acting on the particle is then the sum of the contributions due to the reflected ray 
PRand its refractive counterparts n22222 RPT,...,RPT,RPT,PT  where R is the Fresnel reflection 
coefficient and T is the Fresnel transmission coefficient from the surface. From this the net force 
can be broken up into two components, the scattering force and the gradient force where iθ  is the 
angle of incidence while rθ is the angle of reflection (Ashkin, 1992). The two forces respectively 
are expressed as 
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where
c
Pnm  is the incident momentum per second of which mn is the refractive index of the medium 
in which the particle is immersed, c is the speed of light and P  is the power. In order to determine 
the trapping efficiency we consider a dimensionless factor Q that is related to the trapping force as 






drag=                                                            (4.3) 
where rvπηFdrag 6=  is Stokes drag and ,η ,r v are the viscosity of the medium, radius of the 
particle and velocity of the medium respectively. B varying the dimensionless factors with respect 
toθ  for the scattering, gradient force and for 22 gradscatmag FFF +=  as illustrated in Fig. 4.5 we 
observe that if the incident angle is less than 60o then the gradient force will exceed the scattering 
force; furthermore, increasing the angle of incidence leads to the two forces almost cancelling each 
other out.  
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Fig. 4.5 Relation of the dimensionless factors, scatQ , gradQ  
 and magQ with respect to θ . 
4.2.2 Rayleigh Regime 
To satisfy the condition for the Rayleigh regime thdiameter of the particle must be less than the 
wavelength of the trapping laser λ<<a . Within this regime the trapped particle acts as an electric 
dipole being influenced by a spatially varying electric field where the scattering and gradient forces 
are easily separable. The scattering force is dependent upon the initial intensity of the light beam 
and is given as 





0=                                                        (4.4) 
where c is the speed of light, mn  is the refractive index of the medium, 0I is the initial intensity and 
σ is the scattering cross section which is expressed a  




























σ                                                    (4.5) 
where λ   is the wavelength of the trapping laser, r  is the radius of the particle and m  is the ratio 
of the refractive index of the particle to that of the medium. Bear in mind that the value of m  must 
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be greater than one, hence mp nn >  where mn  is the refractive index of the medium and p is the 
refractive index of the particle. 
On the other hand, the gradient force is dependent upon the gradient of the intensity by defined as 
(Neuman & Block, 2004) 







2 ∇=                                                        (4.6) 
where α is the polarizability of the particle defined as  



















rnmα                                                    (4.7) 
For a strong axial trap in three dimensions the gradient force must exceed the scattering force. 
Furthermore the direction of the gradient force is dependent upon the refractive index of the 
particle. When the refractive index of the particle is greater than that of the medium then the force 
acts in the direction of the intensity gradient however if the refractive index of the particle is less 
than that of the medium then the force acts in the opposite direction of the intensity gradient and 
trapping will not be achieved. 
4.3  Optical Design Considerations 
Constructing a basic Gaussian trap is a simple procedure. Some of the key components include 
choosing the appropriate laser for the application of the trap, a proper beam expander as well the 
correct microscope objective lens. It is also vital to decide upon the right imaging and illumination 
system. A home built optical trapping system can easily be built provided the necessary optical 
elements are obtained which includes the appropriate laser, mirrors, lenses, a dichroic mirror which 
is specific to the wavelength of the laser, a micros ope objective lens, a stage to hold the sample, a 
white light source for the illumination and a CCD Camera for viewing the trap as represented in 
Fig. 4.6. One can obtain a commercial system which is less tedious to set up, however there is a 
limitation on the applications that can be performed.  
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With a custom built system there is much more room t  re-arrange the trap when the need arises 
hence the next section deals with a descriptive overview of all the key components mentioned to 
give an understanding of the correct procedure to build a successful optical trapping system. 
 
 
Fig. 4.6 Optical trapping system highlighting the key components required to form a stable trap. M1 
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4.3.1 Choice of Laser 
The choice of laser is dependent upon a few aspects which include high power output, good 
pointing stability and low power fluctuations. For this reason mostly continuous wave lasers are 
chosen with a Gaussian beam. Power fluctuations should be avoided since this would lead to a 
variation of the trap stiffness. The beam should be well collimated with a high pointing stability 
since any instability can lead to a displacement of the trap position at the sample plane. 
The choice of wavelength is also critical and is dependent upon the type of samples of interest. For 
biological samples, wavelengths between 750-1100 nm are preferred since there is a minimal 
absorption of heat at this range, hence the sample will not be destroyed. When considering silica 
beads, the choice of wavelength is not a severe problem since damage due to absorption is not an 
issue, although over heating of the medium should be avoided.  
4.3.2 Microscope Objective Lens 
The microscope objective lens is the key component within the trapping system. It is important to 
choose an objective lens with a high numerical apertur  with a value between 1 to 1.3 in order to 
attain a tightly focused beam. A standard objective lens can either be finite or infinitely corrected. 
For a finite corrected objective lens the sample is imaged a set distance behind the back aperture of 
the lens onto the camera or detector. With an infinitely corrected objective lens, which is commonly 
used in most systems, a tube lens is needed to image the sample onto the camera or detector. 
Generally in most optical trapping systems the objectiv  lens plays a dual role since the same 
objective lens that is used to attain a diffractive limited spot is also used for the imaging of the 
specimen plane. This is further illustrated in Fig. 4.7. Even though an objective lens consists of a 
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Fig. 4.7. Image illustrating the path that the light ray goes through when passing through an 
objective lens, (a) a finitely corrected objective lens and (b) an infinitely corrected objective lens. 
An objective lens with a high numerical aperture is recommended to attain a strong optical trap. It 
also is important with respect to the resolution power of the specimen being trapped and imaged. 
An objective lens with a high numerical aperture collects more light in order to form a brighter 
image at the image plane. The numerical aperture is d f ned as  
                                                                      ,sinθnNA m=                                                    (4.8) 
where mn is the refractive index of the medium between the front face of the objective lens to the 
front of the cover slip of the microscope slide and θ  is the half angle of the angular aperture of the 
lens. The refractive index plays a vital role in attaining a high numerical aperture and for this reason 
oil immersion objective lenses are the most likely choice since the oil immersion compensates for 
the low refractive index of the distilled water medium. 
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4.3.3 Beam Expander  
In order to attain an efficient trap the beam diameter has to be of the order of the diameter of the 
back aperture of the objective lens.  If there is an under fill of the objective lens, there would be a 
decrease in intensity gradient that would lead to a we ker trap. Slightly overfilling the objective lens 
leads to a tightly focused beam, although care should be taken not to over fill the objective lens as 
this would lead to heating.  
4.3.4 Köhler Illumination  
Köhler Illumination was first introduced in 1893, by August Köhler, in order to improve the field of 
microscopy. He proposed that using the optical design outlined in Fig. 4.8 (which consists of a 
white light source, a collector and condenser lens r spectively, field and aperture diaphragm) would 
yield an evenly illuminated specimen. The advantage of such a system is that the illumination and 
the region of interest can be controlled independently. This is achieved by either varying the field 
diaphragm which is responsible for controlling the region of interest or adjusting the aperture 
diaphragm which is responsible for adjusting the illumination of the sample. 
 
Fig. 4.8 An optical design proposed to obtain an evenly illuminated sample where fcol is the focal 
length of the collector lens and fcon is the focal length of the condenser lens. 
To understand the concept of Köhler illumination the optical design illustrated in Fig. 4.8 can be 
broken up into two parts. The first part deals with the light source which is coupled to the collector 
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lens used to re-image the light source to the back fo al plane of the condenser lens. At the start the 
position of the white light source is determined hence the position of the aperture diaphragm gives 
an indication of the magnification of the white light source. At this point it is important to bear in 
mind that the light source should cover the entire diameter of the aperture diaphragm. It is also 
observed that the field diaphragm is uniformly illuminated. 
The second part to setting up a Köhler illumination system is the addition of a condenser lens. The 
primary purpose of this lens is to image the field obtained at the field aperture to the sample plane. 
By adjusting the position of this lens the sharpness of the sample can be adjusted. 
To visualise the concept of Köhler illumination, refer to Fig. 4.9 of an arbitrary specimen. In frame 
Fig. 4.9(a) notice the sample is unevenly illuminated judging by the dark region on the top end of 
the sample. By closing the field diaphragm the region of interest is varied as in Fig. 4.9(b). 
Thereafter adjusting the height of the condenser lens increases the sharpness of the specimen, 
observed in frame Fig. 4.9(c). Frame Fig. 4.9(d) is ba ically illustrating the repositioning of the 
camera such that the specimen being imaged is centred. Finally in frame Fig. 4.9(e), the field 
diaphragm is opened once again and an evenly illuminated specimen is obtained. 
 
Fig. 4.9 Images illustrating the steps performed to obtain an evenly illuminated sample (Davidson & 
Feller, 2000). 
Furthermore applying this to an optical trapping system improves the quality of the imaging shown 
in Fig. 4.10 whereby the sample being imaged consists of silica beads 4 µm in diameter in distilled 
water. It is conclusive that there is an improvement in the quality of the imaged sample with Köhler 
illumination.  
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Fig. 4.10 Images illustrating the effects of Köhler illumination on a sample: (a) An image of the 
sample prior to Köhler illumination and (b) the sample after Köhler illumination. 
4.4. Calibrating an Optical Trap   
Calibrating an optical trap gives an indication of the efficiency of the trap which can be useful 
information when dealing with specific applications. There are many methods that can be used to 
calibrate an optical trap (Neuman & Block, 2004). Here the viscous drag force, equipartition and the 
power spectrum method will be discussed in order to understand the effects the trapping power has 
on the strength of the trap.  
As previously mentioned we have chosen a video based detection method to view our trap, hence 
for the calibration methods, it is preferable to eith r use a CCD (Charged couple device) camera or 
recently introduced smart camera (Complementary metal oxide semiconductor) CMOS technology.  
Both of these devices have their own advantages and disadvantages, and it comes down to which 
sensor best suits the practical application.  
There is an ongoing debate as to which of the two technologies is superior. CCD cameras have been 
around since the early seventies. The advantage of using a CCD would be that it has a lower noise, 
higher sensitivity and image quality; however they consume a lot more power and dissipate a lot 
more heat. They are larger in comparison to CMOS camer s and are not able to cope with frame 
rates greater that 15frames/sec.  
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CMOS imagers have their disadvantages in that they suffer from a satisfactory amount noise and 
they have a lower image quality in comparison to a CCD camera however they do consume less 
power, they cost less, they are smaller in dimensions and they can cope with high speed imaging 
(Biggs et al., 2006). It is for this reasoning that when dealing with the tracking of particles for the 
calibration of an optical trap, CMOS cameras are prefer ed.  
There are other choices of detection namely using a quadrant photo detector (QPD) which is a non-
video based method. A QPD consists of four silicon based photodiodes. This method offers high 
sensitivity as well as low noise output and has found its place in the field of optics for highly 
sensitive force measurements of micro and nano particles. 
4.4.1 Viscous Drag Force Method  
This is the most direct method of calibrating the force acting on a trapped particle. It makes use of 
the viscous drag used to dislodge a particle from its equilibrium position in order to determine the 
strength of the trap. Since we are dealing with micron sized particles the inertial forces are quite 
small and hence negligible. As a result the drag force is determined from  
                                                                  ,vβFdrag =                                                           (4.9) 
where β  is the drag coefficient and v is the velocity of the bead. From Stokes’ Law it is known 
that the drag coefficient acting on a particle with a radius of r is given by rπηβ 6= .  When the 
particle just about releases from the trap the drag force acting on the particle is considered to be 
equal to the optical trapping force 
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4.4.2 Equipartition Method  
A trapped particle may displace within an optical tr p due to the influence of thermal fluctuation of 
the medium that it is immersed in. This displacement of the particle from its equilibrium position is 
measured and thereafter the trap stiffnessκ can be determined from the equipartition equation 
expressed as 





1 2xTkB κ=                                                        (4.11) 
where T  is the temperature,Bk  is the Boltzmann constant (
123103806503.1 −−× JK )and 2x is the 
mean variation of the particle from its equilibrium position. Since the particle displaces from its 
equilibrium it acts like a harmonic oscillator, obeying Hooke’s law, which means that there is a 
restoring force that acts on the particle to return it to its trapped position: 
                                                            ,xFtrap κ−=                                                              (4.12) 
where κ  is the trap stiffness determined from the equiparttion equation andx  is the displacement 
of the particle. This method has its advantages since the measurement is independent on the 
viscosity of the fluid or the geometry of the particle. 
4.4.3 Power Spectrum Method  
Once trapped, a particle will displace within the trap as mentioned in the previous section, from 
which the Brownian motion of the particle can be exploited to determine the trap stiffness. The 
power spectrum method makes use of this thermal fluctuation as given by Eq. (4.13) which 
describes a Lorentzian 











                                                   (4.13) 
where T  is the temperature,Bk  is  the Boltzmann constant andcf is the corner frequency. This 
power spectrum can be fit with a corner frequency, from which the trap stiffness can be calculated 
as  
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fc =                                                    (4.14) 
where cf is the corner, η  is the viscosity of the medium and κ is the trap stiffness. Using the power 
spectrum method to determine the trap stiffness requi s a detector system with an adequate 
bandwidth to record the power spectrum well beyond the corner frequency. Experimentally the 
power spectrum is attained by a Fourier transformation of the data obtained from the displacement 
over a period of time from the time to the frequency domain.  An example of a power spectrum is 
shown in Fig. 4.11. 
 
Fig. 4.11 The power spectrum plot illustrating the Brownian motion of a trapped particle. 
From the power the corner frequency (roll off frequncy) can be extracted which is the frequency at 
which the particle escapes the trap denoted by the yellow dotted line (refer to Fig. 4.11). At 
frequencies below the corner frequency ( cff < ) the particle is said to be trapped however when 
the frequency is greater than the corner frequency ( cff > ), the particle is said to be free (Gibson et 
al., 2008; Berg-Sorensen & Flyvberg, 2004).  
As previously mentioned it is the displacement of the particle that is used to determine the trap 
stiffness. This displacement is obtained by tracking the particle using an appropriate tracking 
algorithm. There are many algorithms that can be used for the tracking which include the centre of 
mass (Ghosh et al., 1994; Lee et al., 1991) and cross correlation (Gelles et al., 1988; Kusumi et al., 
1993). The different types of algorithm can be classified into two types. The first type of algorithm 
NOVEL LASER BEAMS FOR OPTICAL TRAPPING AND TWEEZING 
OPTICAL TRAPPING AND TWEEZING  
50 
 
estimates the absolute position of the particle in ach frame independently. An example of this type 
of algorithm would be the centre of mass. Alternatively the algorithm will determine the position of 
the particle in one frame with respect to subsequent frame, which is how the cross correlation 
algorithm works. 
For the centre of mass method one would have to measure the distance a particle has moved, the 
centre of mass is calculated and subtracted from the centre of mass of a subsequent frame. The 
centre of mass is determined from 






















C                                                       (4.15) 
where ix is the coordinate of the pixel in the x-direction ad ijI is the intensity of that pixel. This 
method makes an assumption that the intensity of the pixel is greater than that of the background. It 
is therefore vital to narrow the region of interest so that as much of the background can be excluded. 
Although this approach is valid for particles that are symmetric and asymmetric, it is very 
susceptible to a change in particle shape and orientat o  from one frame to the next.  
The cross correlation method on the other hand compares the position of a particle, I, in one frame 
to the position of the particle in successive frames. Let the position of the particle in the successive 
frames be K. If K which represents the particle being tracked is shifted relative to I in increments of 
one pixel then for each increment a correlation value is determined that describes how well the 
values of K and I are alike.  This is done by finding the correlation between K and I from 







yjixyx KIX ∑ ∑
= =
++=                                            (4.16) 
where x and y describe the distance that K has moved over the original position I. 
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Experimental Generation of Novel Beams for Optical 
Trapping 
 
5.1 Observation of Various Order Laguerre Gaussian Beams 
As previously discussed, there are many ways to generate Laguerre-Gaussian beams. Phase plates 
are well known for this purpose (Bazhenov et al., 1990) however they are structure dependent 
hence most people tend to use a Spatial Light Modulator (SLM) since they are versatile. An SLM is 
a liquid crystal device as illustrated in Fig. 5.1 that is electronically addressed to modulate the phase 
of the incoming beam appropriately in order to generate the desired output beam. This is achieved 
by programming a grey scale phase pattern onto the screen of the SLM. It is important for an SLM 
to be calibrated prior to being used in any application (See Appendix A).  
 
Fig. 5.1 Image of an SLM (a) and (b) is a zoomed in image of the liquid crystal display which has a 
pixel dimension of 1920 by 1080. 
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One can build a basic optical system to create these b ams where the most vital component is the 
SLM as seen in Fig. 5.2.  A Gaussian beam, Fig. 5.2(a), was directed onto a spatial light modulator 
(Holoeye PLUTO VIS) with the appropriate grey scale phase pattern, Fig. 5.2(b). The phase of the 
beam was modulated accordingly and a Laguerre-Gaussian beam, Fig. 5.2(c), was generated which 
is passed through a lens of focal length 100 mm which was thereafter magnified by a 10x objective 
lens and detected by a Scorpion IEEE 1394 CCD Camera (model SCOR-20S0). We were able to 
experimentally generate various order Laguerre-Gaussi n beams by varying the grey scale phase 
pattern that was electronically addressed to the spatial light modulator as illustrated in Fig. 5.3 
 
 
Fig. 5.2 Optical system to generate various order Laguerre-Gaussian beams where (a) is a Gaussian 
beam, (b) is the greyscale phase pattern and (c) isthe corresponding Laguerre-Gaussian beam being 
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Fig. 5.3 Experimental images of the generation of various order Laguerre-Gaussian beams using a 
SLM where (a) is the greyscale phase pattern with a topological charge of one, (b) is the 
corresponding Laguerre-Gaussian beam, (c) and (d) are the greyscale phase pattern and 
corresponding Laguerre-Gaussian beam respectively except the polarity of the beam changed to 
negative one. Similarly (e) is the greyscale phase pattern carrying a topological charge of two and 
(f) is the corresponding Laguerre-Gaussian beam. The same is true for (g) and (h) except there is a 
change in polarity from positive two to negative two. (i) is the greyscale phase pattern carrying a 
topological charge of three and (j) is the corresponding Laguerre-Gaussian beam. (k) and (l) are the 
greyscale phase pattern and corresponding Laguerre-Gaussian beam respectively except the polarity 
of the beam is changed to negative three. 
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In order to generate a Laguerre-Gaussian beam carrying a topological charge of one we had to vary 
the phase of the initial beam from 0 to 2π once which is attained by the grey scale phase patt rn as 
seen in Fig. 5.3(a) where the white region represents a zero phase hence at this point the phase of 
the beam will remain unchanged while the black region represents a phase of 2π. The Laguerre- 
Gaussian beam that is generated for this particular grey scale phase pattern is shown in Fig. 5.3(b) 
where the dark central region is indicative of a zero intensity of the beam. Producing a Laguerre- 
Gaussian beam carrying a topological charge of negative one is attained  in a similar manner except 
the direction in which the phase varies is reversed as shown in Fig. 5.3 (c) and the corresponding 
Laguerre-Gaussian beam is seen in Fig. 5.3(d). As in the case of a Laguerre-Gaussian beam 
carrying a topological charge of two as shown in Fig. 5.3(f), the phase of the beam was varied from 
0 to 2π twice which means that the grey scale phase pattern was modulated from white to black 
twice as seen in Fig. 5.3(e) and furthermore an increase in the topological charge leads to an 
increase in the region of zero intensity. The same can be said for a Laguerre-Gaussian beam 
carrying a topological charge of negative two as seen in Fig. 5.3(h) except the grey scale phase 
pattern varies in phase in the opposite direction as shown in Fig. 5.3(g). Producing higher-order 
Laguerre-Gaussian beams will follow the same trend as seen in Fig. 5.3(i) to Fig. 5.3(l).  
To understand how these beams differ from a Gaussian be m, we look at the way the beam of light 
travels along the optical axis. In the case of a Gaussi n beam, the light rays propagate parallel to the 
optical axis however for a Laguerre-Gaussian beam the light rays are twisted along the axis as 
observed previously in Fig. 3.1. This twisting along the optical axis causes the light rays to cancel 
out at the axis which gives rise to the central zero intensity. The region of central zero intensity is 
influenced by the order of the topological charge hence an increase in the topological charge leads 
to an increase in the number of times the light twists along the optical axis.  This means there 
would be an increase in the region of zero intensity since there is an increase in the number of times 
the light cancels out. This is further highlighted in Fig. 5.4 which illustrates the influence that the 
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Fig. 5.4 An increase in the order of the topological charge leads to an increase in the number of 
spirals of the beam and an increase in the region of zer  intensity. 
 The region of zero intensity was determined as represented in Table 5.1 for each of the Laguerre-
Gaussian beams mentioned. We see that for a Laguerre-Gaussian beam carrying a topological 
charge of one the region of zero intensity is approximately 0.554 mm while for a beam with a 
topological charge of three, this region is approximately 1.795 mm. Overall experimentally we 
showed that an increase in the order of the beams leads to an increase in the region of zero intensity 
which was expected since this region is influenced by the order of the topological charge. The 
polarity of the charge in this case is insignificant since both positive and negative topological 
charges adhere to the same form.  A significant property of these beams is that they carry orbital 
angular momentum. This is not easily seen however it can be observed by placing these beams into 
an optical trapping system which brings about the rotation of a trapped particle. This will be 
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Table 5.1 Region of zero intensity for the various Laguerre Gaussian beams  
Order of Laguerre 
Gaussian beam ( pLG
l
) 
Region of zero 
intensity (mm) 
0
1LG  0.55 
0
2LG  1.32 
0
3LG  1.80 
0
1−LG  0.56 
0
2−LG  1.31 
0
3−LG  1.79 
 
 
5.2 Realisation of Zero- and Higher-Order Bessel Beams  
A Bessel-Gauss beam is easily reproducible using an axicon. The most vital issue that is 
encountered is the alignment of the axicon itself. If the beam passing through the axicon is 
misaligned then this will lead to aberrations and should be avoided at all costs. Since it is known 
that the Bessel field exists for a finite distance only after which the field transforms into a conical 
field, it is important from the start to be aware of the restriction that is placed upon the system. The
cone angle of an axicon is fixed hence in order to vary the region in which the Bessel field exists; 
the beam waist has to be varied using an appropriate beam expander. Fig. 5.5 illustrates a schematic 
of the optical setup used to demonstrate the generation of a Bessel-Gauss beam.  
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Fig. 5.5 Experimental setup used to generate a Bessel beam using a single axicon and a spatial light 
modulator to control the field that is passed through the system. 
A 532 nm green frequency doubled Nd:YAG laser (model MG-532C-2000) was used with a 
Gaussian mode which was directed by a few mirrors onto a spatial light modulator in order to vary 
the beam entering the axicon by varying the phase of the initial beam. The axicon that was used had 
an opening angle of 5o. The beam was magnified by the objective lens and imaged on a Scorpion 
IEEE 1394 CCD Camera (model SCOR-20S0). Firstly by projecting a uniform grey scale phase 
pattern onto the screen of the SLM, a Gaussian beam w s allowed to pass through the system in 
order to generate a zero-order Bessel beam in the near field and thereafter taking the Fourier 
transform of the Bessel field by placing a lens of focal length 50 mm after the axicon in the system 
as illustrated in Fig. 5.6, a far-field image of the Bessel beam was obtained which was an annular 
ring. As expected the near-field intensity profile of a Bessel beam has a bright central spot 
surrounded by concentric rings. The far-field intensity profile is an annular ring. By changing the 
phase pattern on the SLM so that the phase is modulated from 0 to 2π once, a first order LG beam 
can be passed through the axicon which in turn produce  a high-order Bessel beam carrying a 
topological charge of one as illustrated in Fig. 5.7(a). Similar to the Laguerre-Gaussian beam, these 
beams have a central zero intensity depicted by the dark spot in the centre of the beam followed by 
concentric rings. Yet again the far-field intensity pattern is an annular ring as seen in Fig. 5.7(b). 
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Fig. 5.6 Intensity profile of a zero-order Bessel bam carrying a topological charge of one in near- 
(a) and far-field (b). 
    
Fig. 5.7 Intensity profile of a higher-order Bessel b am carrying a topological charge of one in near- 
(a) and far-field (b). 
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This was carried out for various orders of Laguerre-Gaussian beams which are summarised in Fig. 
5.8. As previously mentioned, a higher-order Bessel beam carrying a charge of one is generated by 
a Laguerre-Gaussian beam of order one. By varying the phase from 0 to 2π once depicted by a 
change in the gray scale phase pattern going from white to black as in Fig. 5.8(a). The near- and far-
field intensity patterns are shown in Fig. 5.8(c) and Fig. 5.8(d) respectively for a Bessel beam of 
order one. Comparing a higher-order Bessel beam carrying a topological charge of three as in Fig. 
5.8(k) to that carrying a charge one, it is noticeabl  firstly that the phase patterns used to generate 
the Laguerre-Gaussian beam has changed. For a Bessel b am carrying a topological charge of three 
the phase pattern varies from 0 to 2π thrice as seen in Fig. 5.8(i) which is seen by the p ase pattern 
varying from white to black three times. This leads to the Laguerre-Gaussian beam having a greater 
region of zero intensity as in Fig. 5.8(j) and this is further seen in the Bessel beam where by the 
central dark region of the Bessel beam has also increased as shown in Fig. 5.8(k). The far-field 
intensity profile however remains the same.  
Thus far, the generation of zero and higher order Bessel beams were discussed. We have mentioned 
that a Bessel field can only exist for a finite distance within its non-diffracting regions after whic it 
undergoes a spatial transformation into an annular ring. This is a major disadvantage to such beams 
and up until recently there was no way around this problem. We have come up with an improved 
optical scheme that overcomes this disadvantage by using a double axicon and lens system which 
will be discussed in the next section. 
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Fig. 5.8 Experimental images of the generation of Bessel beams using a single axicon where (a) is 
the greyscale phase pattern of order one, (b) is the corresponding Laguerre-Gaussian beam, (c) is 
the higher-order Bessel beam of order one in the near-fi ld and (d) is the far-field intensity profile 
of the field which is an annular ring. Similarly (e) is the greyscale phase pattern of order two, (f) is 
the Laguerre-Gaussian beam of order two, (g) is the corresponding higher-order Bessel beam in the 
near-field and (h) is the far-field intensity profile which is an annular ring. Yet again (i) is the 
greyscale phase pattern of order three, (j) is the corresponding Laguerre-Gaussian beam, (k) is the 
higher-order Bessel beam of order one in the near-fi ld and (l) is the far-field intensity profile of the 
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5.3 Realisation of Bessel-Like Beams 
In order to incorporate the scheme in Fig. 3.7 into an experimental setup, a frequency doubled 
Nd:YAG laser (model MG-532C-2000, λ = 532 nm) was directed onto a phase-only SLM (HoloEye 
PLUTO VIS SLM with 1920×1080 pixels and calibrated for a 2π  phase shift at λ = 532 nm). The 
SLM was used to vary the beam illuminating the axicon. By changing the phase pattern depicted on 
the screen of the SLM, the phase of the initial beam was modulated accordingly. Thereafter the 
respective beam was passed through a lens of focal length 40 mm followed by two axicons placed 
75mm apart. The images were captured on a Scorpion IEEE 1394 CCD Camera (model SCOR-20S0). 
The following setup as constructed in the laboratory is shown in Fig. 5.9 
 
 
Fig. 5.9 Experimental setup to generate z-dependent B ssel-like beams: (a) Spatial light modulator 
(SLM); (b) double axicon lens system where (b1) is the first axicon; (b2) is a 40 mm lens and (b3) is 
the second axicon and (c) is the Scorpion IEEE 1394 CCD Camera (model SCOR-20S0). 
(b1) 
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To further illustrate the concept of this new proposed optical scheme, Fig. 5.10 is an image of the 
double axicon and lens system as seen in the laboratory. 
 
Fig. 5.10 Image emphasising the double axicon and le s system as set up in the laboratory. 
When  a  uniform grey scale phase pattern was projected onto the SLM,  a Gaussian beam will be 
passed through the system without any change which lead to a zero-order Bessel-like beam being 
produced not only in the near-field however in the far-field as well. By changing the phase pattern 
on the SLM, various orders Laguerre-Gaussian beams were produced leading to various higher-
order Bessel-like beams being generated. For a higher-order Bessel-like beam carrying a 
topological charge of 1, the phase pattern on the spatial light modulator varied in phase from 0 to 2π 
once, depicted by the grey scale pattern changing from white to black once as mentioned 
previously. The Laguerre-Gaussian beam produced had a central zero intensity depicted by the 
central dark region and carried orbital angular momentum of ћ. The corresponding Bessel-like beam 
also carried the properties of the Laguerre-Gaussian beam since it also had a central zero intensity 
surrounded by concentric rings.  This was further carried out for various higher-order Bessel-like 
beams and a summary of some of the experimental results are shown in Fig. 5.11.  
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Fig. 5.11 Various order Bessel-like beams retaining their spatial distribution from the near- to the 
far-field: (a) is a uniform grey scale phase pattern which leaves the phase unchanged hence a 
Gaussian beam (b) passes through the double axicon system to produce a zero-order Bessel-like 
beam in the near (c) and far-field (d). The grey scale phase pattern (e) varies in phase once and 
allows a Laguerre-Gaussian beam of order one (f) to pass through the system producing a higher-
order Bessel-like beam carrying a topological charge of one in the near (g) and far-field (h). The 
same can be said for (i) to (l) except the order of the charge is negative one.  The grey scale phase 
pattern that varies in phase three times (m) leads to a Laguerre-Gaussian beam of order three (n) to 
pass through the system producing a higher-order Bessel-like beam carrying a topological charge of 
three in the near (n) and far-field (p). 
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Similar to Bessel beams, Bessel-like beams also undergo self-reconstruction however the position at 
which the obstruction has to be placed is not a limiting factor. To illustrate that these beams also 
possess the ability to self-reconstruct upon encountering an obstruction a ball bearing of diameter 
0.120 ± 0.001 mm was placed in the path of a first o der Bessel-like beam as shown in Fig. 5.12. 
The Bessel-like beam before reconstruction is represented in Fig. 5.12(a). Upon placing the ball 
bearing 200 mm away from the second axicon we observed that the central region of the beam was 
overshadowed by the obstacle as seen in Fig. 5.12(b) however the outer rings of the beam are still 
seen. Taking into account the diameter of the obstruction the shadow region was calculated to be 
239.08 mm after the obstruction. By placing the camera on a rail we were able to image the beam at 
various positions after the obstruction to determine the distance at which self reconstruction occurs. 
We noticed that approximately 250 mm from the obstruction the beam started to reconstruct and at 
a distance 525 mm from the obstruction we noticed a complete reconstruction of the beam as 
illustrated in Fig. 5.12(c). Since the Bessel-like b ams are not confined to distances z < zmax, the 
axial position at which the obstruction has to be placed is not a limiting factor. Of particularly 
interest is that Bessel-like beams retain their spatial distribution as they propagate hence there is a 
continuous interference of light rays throughout the optical axis. Due to this an obstruction placed 
outside the zmax region or even off the optical axis will still result in a successful reconstruction of 
the beam. In our case the obstruction was placed approximately 75.6 mm outside the zmax region and 
noticeably we obtained a well reconstructed Bessel-lik  beam. 
 
Fig. 5.12 Self reconstruction of a Bessel-like beam carrying a topological charge of 1: (a) the beam 
before encountering an obstruction; (b) overshadowing of the beam due to the obstruction being 
placed in its path and (c) the Bessel-like beam has undergone a complete self-reconstruction.  
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Thus far the existence of Bessel beams and Bessel-like beams with z-dependent cone angles been 
demonstrated. We have overcome the issue of the abrupt change in intensity distribution from the 
near- to the far-field as illustrated in Fig. 5.11.  We have successfully proven that Bessel-like beams 
with z-dependent cone angles do exist however at the expense of losing their non-diffracting nature. 
To validate this statement we considered looking at the diffraction of the various order Bessel-like 
beams as they propagate. This was done by looking at the width of the beams at set intervals apart.  
The results obtained are illustrated in Fig. 5.13 and we notice that there is a linear increase in 
divergence.  The zero-order Bessel-like beam diverges much more slowly in comparison to the 
higher-orders. The higher the order of the Bessel-lik  beam the greater the divergence.  
 
Fig. 5.13 Graph illustrating an increase in divergence of various order Bessel-like beams as they 
propagate from the near- to the far-field. 
                                                                                                                                                                                              
To investigate this increase in diffraction, we placed the camera on a rail and imaged a zero-order 
and a higher order Bessel-like beam with a topological charge of one at intervals of 50 mm 
increments over a distance of 1000 mm as represented i  Fig. 5.14 and 5.15. By comparing the 
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frames in both figures it is apparent that there is change in magnification of the beam. For the zero-
order Bessel-like beam, Fig. 5.14, it was the Gaussi n part of the beam that spread out due to an 
increase in the propagation distance. On the other hand for the Bessel-like beam carrying a 
topological charge of one, Fig. 5.15, it was the Laguerre-Gaussian part of the beam that spread out. 
To validate this observation we measured the central region of the zero-order Bessel-like beam in 
Fig. 5.14 (frame a) to be approximately 13 µm and thereafter compared this value to frame (t) where 
the central region was measured to be 25 µm which concludes that these Bessel-like beams slightly 
diffract as they propagate.  So far we have dealt with the generation of novel laser beams by passing 
a Gaussian beam through a spatial light modulator with the appropriate gray scale phase pattern. We 
showed that we were able to generate various order of Laguerre-Gaussian beams. We applied this 
concept to the generation of various higher-order Bssel beams using a conical lens known as an 
axicon. These beams exist for a finite region after which they spatially transform into a conical 
field. To overcome this abrupt spatial transformation from the near to the far field we considered an 
optical scheme that allowed us the opportunity to produce Bessel-like beams which retained their 
spatial distribution as they propagated. We now use the knowledge gained from the propagation of a 
Gaussian beam (Chapter two) and from the ability to shape a beam to build a single gradient optical 
trapping system which will be discussed in detail in the chapter that follows and further incorporate 
a Laguerre-Gaussian beam into an optical trap to observe the rotation of a trapped particle.
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Fig. 5.14 Images of a zero-order Bessel-like beam retaining its spatial distribution as it propagates 
from the near- to the far-field. 
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Fig. 5.15 Images of a higher-order Bessel-like beam c rrying a topological charge of one retaining 
its spatial distribution as it propagates from the near- to the far-field. 
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Demonstration of Optical Trapping and Tweezing 
 
6.1 Single Gradient Optical Trap 
Taking all the design considerations in section 4.3 into account, the optical trap in the laboratory 
was built according to the illustration depicted in Fig. 6.1. A diode pumped Nd:YAG frequency 
doubled laser (model MG-532C-2000) that lased at a wavelength of 532 nm was used which had a 
maximum power  output of 400 mW however during the course of the experiments the power was 
set to 200 mW. The beam was passed through a polariser which attenuated the amount of power 
that was passed through the system. Mirrors M1 and M2 directed the beam towards a beam expander 
which consisted of two concave lenses of focal length 50 and 150 mm respectively. At this point the 
beam was magnified by a factor of 3, before it was p sed through mirrors M3 and M4 which 
directed the beam towards the vertical axis of the trap. Upon leaving mirror M4 the beam was 
steered onto a dichroic mirror which reflected the laser beam downwards into a 100x LOMO 
objective lens with a numerical aperture of 1.25 while it transmitted any other wavelength from the 
white light source.  
At this point the beam was focused to a point onto a stage which held the sample. The sample was 
placed on a microscope slide of dimensions 75 mm x 25 mm. With respect to the sample 
preparation, a vinyl sticker of dimensions 20 mm x 20 mm was placed onto a microscope slide. This 
vinyl sticker had a hole of diameter 5 mm and thickness of 100 µm in the middle which acted as a 
well for the sample. The sample was placed on the vinyl sticker and covered by a coverslip 
(dimensions 20 mm x 20 mm). An image of the sample is shown in Fig. 6.2. 
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Fig. 6.1 Optical trapping system as built in the laboratory: The beam from a Nd:YAG laser lasing at 
532 nm was directed through a polariser and reflected by two flat mirrors M1 and M2 towards a 
beam expander consisting of lenses L1 and L2. The beam was thereafter directed by mirrors M3 and 
M4 into the vertical axis of the trap onto a dichroic mirror which reflected the laser light into a 100x 
LOMO objective lens onto a stage. The stage held the sample which was illuminated by a Köhler 
illumination system made up of L3, L4 and L5. A tube lens LT was used to collect the light that was 
imaged onto a Scorpion IEEE 1394 CCD camera (model SCOR-20S0). 
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Fig. 6.2 Microscope slide containing the sample of silica beads 4 µm diameter in distilled water. 
To give an idea as to what is meant by the well in which the sample sat, refer to Fig. 6.3 where the 
dimensions of the well is 5 mm x 5 mm with a thickness of 100 µm (i.e. the dimensions of the vinyl 
sticker) in which the sample was placed.  
 
Fig. 6.3 Illustration of the sample on the microscope slide where the depth of the well the sample is 
placed in is 100 µm. 
To ensure that enough light passed through the sample for imaging of the trap a Köhler illumination 
system was set up so that there was an even illumination of the sample by a uniform amount of light 
where a white LED (Light emitting diode) was used as the light source.  
NOVEL LASER BEAMS FOR OPTICAL TRAPPING AND TWEEZING 
DEMONSTRATION OF OPTICAL TRAPPING AND TWEEZING  
72 
 
The trap was imaged to a Scorpion IEEE 1394 CCD camer  (model SCOR-20S0) and a tube lens of 
focal length 150 mm was used to collect the light on o the camera since an infinitely corrected 
objective lens was used.  Fig 6.4 is an image of the trapping system as set up in the laboratory. 
 
Fig.6.4 Optical trapping system as set up in the labor tory: the beam passes through two mirrors 
onto the dichroic mirror which directs the beam into the 100x microscope objective lens. The 
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An experimental image of a trapped particle is seen in Fig. 6.5. As observed the particle that is 
trapped is the one that is in focus while the rest of the particles are out of focus. This is an example 
of axial trapping. 
 
Fig. 6.5 Experimental image of a trapped particle (in focus) surrounded by un-trapped particles (out 
of focus). 
Once a particle is trapped it can be held within the trap until it is forced to dislodge. Alternatively it 
can be moved around by merely moving the laser beam by manually moving one of the beam 
steering mirrors. This is illustrated in Fig. 6.6; the solid circle indicates the current position of the
particle while the dashed circle indicates the position at which the particle was previously located. 
The images in Fig. 6.6, demonstrate that the particle was moved in a triangular motion until it was 
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Fig. 6.6 Manipulation of a trapped particle in triangular movement: the particle is first trapped (a),
thereafter movement of the laser beam causes a movement of the particle (b), where the white circle 
is the position to which the particle was moved while the red dashed circle indicates the position the 
particle was previously at. This movement is further s en in (c) and (d), whereby the particle was 
almost returned back to its original position. 
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Furthermore, slight movement of the stage caused th surrounding particles to move, while the 
trapped particle remains fixed as seen in Fig. 6.7. 
 
Fig. 6.7 Movement of the stage while keeping the trapped particle fixed: in frame (a) the trapped 
particle is represented by a blue circle while a surrounding particle is marked with a red cross. After 
the movement of the stage (b) we observe that the trapped particle is still at the same position 
however the surrounding particle marked with the cross has been displaced from its initial position. 
In Fig. 6.7(a) the particle that is trapped is circled and a surrounding reference particle is marked 
with a red x, the movement of the stage causes the reference particle to move Fig. 6.7(b) however 
the trapped particle still remains fixed as seen by the dotted arrow.  
 
6.2 Determining the Strength of the Trap  
6.2.1 Calibrating the Trap Using the Drag Force Method  
Experimentally, the drag force was measured by accur te control of an automated stage (Optiscan 
ES10). The stage was set to increase in speed linearly in order to dislodge the particle from its 
equilibrium position, and hence the velocity at which the particle was dislodged from the trap was 
obtained by measuring the displacement of the trapped particle. Since the frame rate was set at 15 
frames per second the time difference between conseutiv  frames was 0.0667 s  
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∆=      (6.1) 
where x∆  is the distance that the particle displaces and t∆ is the difference in time. Thereafter 
using the drag force equation seen in Eq. (4.9) the trapping force was determined. For a power 
output of 10 mW we measured a velocity 2.27x10-5 m/s resulting in a trapping force of 0.928 pN. 
This analysis was carried out for various trapping powers and results attained are depicted in Fig. 
6.8. The experimental results confirm the linear relationship between the trap stiffness and the 
power of the trapping laser. For an output power of 10mW the trapping force was determined to be 
0.928 ± 0.505 pN however for a 100mW power output the trapping force was 6.187 ± 1.323 pN. 
This confirms that the higher the trapping power the stronger the optical trap. As observed there is 
an increase in the error of the measurement as the pow r passing through the system was increased. 
This could be due to a misinterpretation of displacement distance of the particle upon escaping the 
trap.   
 
Fig. 6.8 Plot representing the drag force method showing the effects the trapping power has on the 
trapping force. 
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6.2.2 Calibrating the Trap Using the Equipartition Method  
Here National Instruments-Labview was used as a tool to determine the displacement of the particle 
from its equilibrium position which was recorded byCMOS camera (Marlin, model F131B). By 
measuring the displacement of the trapped particle from its equilibrium we obtained an approximate 
Gaussian distribution as shown in Fig. 6.9. For this particular distribution the variation in 
displacement from its equilibrium position was 0.0025 µm. 
 
Fig. 6.9 The particle distribution representing the displacement of a trapped particle from its 
equilibrium position. 
By measuring this variation in displacement while varying the power, we were able to use the 
equipartition equation Eq. (4.11) which makes use of the absolute temperature and Boltzmann’s 
constant to determine the trap stiffnessκ , where 2x is the variation of the particle from its 
equilibrium position. It is known that the particle oscillates within the potential well hence the 
trapping force was determined from Hooke’s law where the trap stiffness is directly related to the 
trapping force. For a power output of 10 mW in the x-direction we measured a variation in 
displacement of 2.50x10-5 m by tracking a trapped particle for a 1000 frames which resulted in a 
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trapping force of 1.847 pN. The results obtained for the various powers are illustrated in Fig. 6.10.  
The trapping force at 10 mW trapping power was (1.85 ± 0.18) pN in the x direction and (7.03 ± 
1.37) pN in the y direction while at 100 mW the force measured in the x direction was (1.83 ± 0.18) 
pN and the y direction 7.223 ± 0.176 pN. Yet again we see a near-linear relationship between the 
trapping force and the trapping power.  
 
Fig. 6.10 Plot representing the equipartition method showing the effects the trapping power has on 
the trapping force. 
It is apparent that there was an increase in the error of our measurements with an increase in 
trapping power. This is due to the fact that at higher powers the variation of the trapped particle 
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6.2.3 Calibrating the Trap Using the Power Spectrum Method 
For the power spectrum calibration the centre of mass lgorithm was used as the appropriate 
tracking method and National Instruments-Labview as a tool to carry out the tracking which was 
recorded by a CMOS camera (Marlin, model F131B). Once a particle was trapped, a region of 
interest was chosen as in Fig. 6.11(left) in order to decrease the field of view in which the software 
would track. The threshold was increased so the trapped particle is well defined as seen in Fig. 
6.11(right) to alleviate any noise from the background while tracking. 
 
Fig. 6.11 Image of a trapped particle used to determine the corner frequency from the power 
spectrum method. 
Once the particle was trapped, we used the software to track the particle until we obtained 30 000 
data points over a period of approximately 30 minutes from which the power spectrum was plotted 
as seen in Fig. 6.12.  
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Fig. 6.12 The power spectrum illustrating the Brownian motion of a trapped particle at a trapping 
power of 100 mW. 
By extracting the corner frequency from the power spectrum, the trap stiffness was determined 
using Eq. (4.5) where cf is the corner, η  is the viscosity of the medium and κ is the trap stiffness. 
For a power output of 10 mW we measured a corner frequency of 3.35x10-6 Hz by tracking a 
trapped particle for 30 000 frames which resulted in a trapping force of 0.860 pN. This analysis was 
carried out for various powers and the results obtained are illustrated in Fig 6.13. As observed there 
is a linear relationship between the trap stiffness and the trapping power. For a power output of 10 
mW, the trap stiffness was measured to be (0.86 ± 0.21) pN while for a power of 100 mW the trap 
stiffness was (3.64 ± 0.43) pN. The discrepancies of this method are influenced by the tracking of 
the particle since the particle was tracked for so many frames to obtain a satisfactory power 
spectrum, the measurements were taken over a duration of 30 minutes. The centre of mass method 
was chosen for the tracking particle however this tracking algorithm is very susceptible to a change 
in environment and noise. Small movement in and around the trap influenced the displacement of 
the particle and hence the results obtained.  
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Fig. 6.13 Plot representing the power spectrum method showing the effects the trapping power has 
on the trapping force. 
Overall all three methods confirm a near-linear relationship between the trapping power and the 
trapping force. Thus far we have looked at a single gradient optical trap however by manipulating a 
Gaussian beam we are able to build an optical trap to include novel beams. The next section will 
concentrate on adapting the optical trap to include trapping with a beam carrying orbital angular 
momentum.   
6.3 Optical Trapping Illustrating the Transfer of Orbital Angular 
Momentum 
Until now we have seen trapping due to the transfer of linear momentum. However it is possible to 
achieve trapping due to the transfer of angular momentum (Rubinstein-Dunlop et al., 1998). 
Angular momentum can be decomposed into two components namely spin angular momentum 
which arises due to polarization and orbital angular momentum which arises due to the spatial 
distribution (Allen et al., 1992). Over the years a considerable amount of work has been carried out 
with respect to the effects of spin angular momentum dating back to 50 years ago by Beth and 
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colleagues (Beth, 1936).  Demonstrating trapping with respect to spin angular momentum is 
attained by introducing a quarter wave plate into the optical system. By rotating the quarter wave 
plate, the polarisation of the beam is varied and hence the trapped particle will tend to spin or rotate 
(Galajda & Ormos, 2003; Ibenech, 2008). The rest of his section will deal with the transfer of 
orbital angular momentum. In Chapter two, we discused the existence of beams carrying orbital 
angular momentum and mentioned different methods to create such beams, however, from this 
point onwards, we only consider Laguerre-Gaussian beams. It is known that these beams carry 
orbital angular momentum dependent on the topological charge of the beam, so that placing these 
beams into an optical trap will initiate a transfer of orbital angular momentum from the beam to 
trapped particle, hence causing the particle to rotate.  The rate of rotation of the particle can be 
determined from 
                                                                     ,
2π
ω=Ω                                                           (6.2) 
where ω  is the angular speed given by  






ω =                                                          (6.3) 
where θ∆ and t∆  are the change in angular position and time respectively. Using Eq. (6.2) and Eq. 
(6.3), the torque exerted on the particle can be calculated taking in consideration that within a 
viscous medium, the torque is associated with the drag torque such that the torque exerted on the 
particle is dependent upon the drag coefficient and the rate of rotation given as  
                                                                   ,8
3Ωπητ r=                                                       (6.4) 
where Ω is the rate of rotation,r is the radius of the particle and η is the viscosity of the medium 
which in this case is 1.003 x 10-3 Nm-2s. Since the rotation is caused due to the transfer of o bital 
angular momentum, the particle has to absorb photons in order to see the rotation. Hence the silica 
beads are replaced by graphite particle since they absorb more easily. These particles are prepared 
in dilute ethanoic acid. The rotation due to the transfer of orbital angular momentum by a Laguerre- 
Gaussian beam carrying a topological charge of one is s en in Fig. 6.14.      
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Fig. 6.14 Rotation of a graphite particle with a Laguerre-Gaussian beam carrying a topological 
charge of one. 
 
The particle rotates in an anti clockwise direction. In order to calculate the rate of rotation the 
angular position has to be determined. Clearly it is seen in frames (b) and (c) of Fig. 6.14, the 
particle has rotated by an angular position of π/2 hence using Eq. (6.3) the angular speed is 
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determined to be 5.24 rads/s.  Using this result, one can calculate the rate of rotation using Eq. (6.2), 
which is calculated to be 0.83 Hz. Furthermore the torque acting on the particle is determined to be 
2.09 x 10-20 Nm using Eq. (6.4). A Similar analysis can be carried out for higher order Laguerre- 
Gaussian beams. The higher the order of the Laguerre-Gaussian beam, the greater the amount 
orbital angular momentum carried by the beam since the orbital angular momentum is charge 
dependent hence it can be stated that the higher the topological charge, the greater the amount of 
orbital angular momentum carried by the beam, the faster the rate of rotation. 








Prior to setting up a single gradient optical trap there were certain considerations that have to be 
taken into account. One factor that affects the stability of the trap is the beam that is passed through 
the system hence to build an optimum trap one would require a beam with good beam quality 
factor.  The beam quality factor affects the symmetry of the beam, although it is possible to trap 
with an elliptical beam, it is preferable to have a beam with a circular symmetry. Typically a 
Gaussian beam has a beam quality factor close to one and is circularly symmetric. This was 
experimentally validated by looking at the transvere profile of the beam as it propagated in the z 
direction where the M2 value was determined to be 1.15 ± 0.65 which is margin lly close to one and 
satisfactory for the  proposed application.   
A home built single gradient optical trapping system was built in accordance to the design 
considerations stipulated in section 4.3 where we used an appropriate beam expander to ensure the 
beam was large enough to slightly overfill the back perture of the objective lens. We used a 100x 
microscope objective lens with a numerical aperture of 1.25 which meant we obtained a tightly 
focused diffractive limited spot. One can still obtain trapping with a lower magnified objective lens 
however for optimum trapping a high numerical apertur  is required which is the reason for the 
choice of our objective lens. The sample was illuminated by a Köhler illumination system which we 
found gives an even distribution of light on the sample. It is important that the sample is well 
illuminated so that the trap can be visualised on the camera. An infinitely corrected objective lens 
was used hence a tube lens was included in the systm so that the trap was imaged onto the camera.  
It was shown that 4 µm diameter silica beads that were prepared in distilled water were successfully 
trapped, and were able to be manipulated in three dimensions as was shown in Fig. 6.6.  
Furthermore it was illustrated that movement the stage caused the surrounding particles to move 
however the trapped particle stayed stably trapped.  




Using the three calibration methods discussed in section 4.4 we were able to determine the 
efficiency of our trapping system by varying the power that we passed through the trap.  The drag 
force method was the most direct method which illustrated the effects that the viscous drag has on a 
trapped particle. If the viscous drag is strong enough the particle will dislodge from the trap and by 
determining the velocity with which the particle escaped we were able to use the Stokes’ drag to 
determine the trapping force acting on the particle. Carrying out this analysis at various powers 
showed that an increase in trapping power leads to an increase in trapping force and that the 
trapping is linearly related to the trapping power as seen in Fig. 6.8 The trapping force at 100 mW 
was measured to be (6.19 ± 1.32) pN while at 10 mW we obtained a trapping force (0.93 ± 0.51) 
pN.  This method is dependent upon the size and shape of the particle being trapped and the 
viscosity of the medium has to be known.  
Carrying out the equipartition method yielded a similar trend for the relationship between the 
trapping force and the trapping power. The variation of the trapped particle from its equilibrium 
position due to thermal fluctuations that were present in the medium was used to determine the 
variation from the trapped position and since the particle acts as a harmonic oscillator hence it 
obeys Hooke’s law, the trapping forces were determined. This method is independent upon the size 
of the particle and the viscosity of the medium. At 100 mW we obtained a trapping force of (7.03 ± 
1.37) pN in the x direction and (7.22 ± 0.18) pN in the y direction while at 10 mW the trapping 
force measured was to be (1.85 ± 0.18) pN in the x direction and (1.83 ± 0.18) pN the y direction. 
The last calibration method carried out was the power spectrum method which like the equipartition 
method makes use of the displacement of the particle from its equilibrium position to determine the 
trap stiffness. The displacement of a trapped particle was tracked until 30 000 data points was 
obtained such that a set of data for the displacement of a particle over a period of time was attained. 
A Fourier transform of the data yielded the power spectrum. This spectrum illustrated the Brownian 
motion of a trapped particle which showed the region at which the particle was trapped, just about 
escaped the trap and was said to be free. The frequency at which the particle just about escapes the 
trap was known as the corner frequency hence the trapping power was varied and the corner 
frequency was measured for each power such that the trap stiffness was determined. Similar to the 
other two methods we obtained a linear relationship between the trapping power and the trap 
stiffness. At 100 mW we obtained a trap strength (3.64 ± 0.43) pN while at 10 mW the trap strength 




measured was (0.86 ± 0.21) pN. This method is also dependent upon the size of the particle and the 
viscosity of the medium. 
There are discrepancies in the power spectrum method as opposed to the other two methods 
however all three methods showed the same linear trnd between the trapping power and the 
trapping force. The reasons for the discrepancies of the results obtained vary for each method. For 
the drag force method, the velocity at which the particle escapes the trap is used to determine the 
trapping force, and at higher powers there is a grete  error in determining this velocity since it is 
harder to determine the actual distance the particle displaces. This is due to stronger flow pushing 
the particle further away from the trap which results in a misinterpretation of the displacement 
distance. With respect to the equipartition method, at higher power the particle is more tightly 
bound hence it is harder to visualise the displacement of the particle from its trapped position. At 
higher powers this displacement is much smaller resulting in a higher error in the measurement of 
variation of the particle displacement. The power spectrum method gave the lowest measurements 
of the trapping force. This method makes use of algorithm to track a trapped particle hence one of 
the reasons for the discrepancies in the results could be due to the choice of algorithm. We used the 
centre of mass algorithm to track our particles; this algorithm is very susceptible to change of the 
environment of the particle which means small amounts of noise can affect the tracking process. 
Overall all the methods emphasise the importance of the trapping power on trapping force. 
Knowing the efficiency of the system is vital information that is required for certain applications.  
Interest does not only lie in the building of single radient traps however in the past couple years a 
lot of work has been carried out in novel traps. The generation of novel beams are possible making 
use of diffractive optics. We used a Gaussian beam as our starting field in all our experiments to 
generate various novel beams which include Laguerre-Gaussian beams, Bessel beams and Bessel-
like beams.  
Laguerre-Gaussian beams are of interest since they carr orbital angular momentum. A spatial light 
modulator was used to vary the phase of our starting field accordingly to produce various order 
Laguerre-Gaussian beams. It was shown that a using grey scale phase pattern that varied in phase 
from 0 depicted by white to 2π depicted by black we could generate a Laguerre-Gaussi n beam 
carrying a topological charge of one which should carry orbital angular momentum amount equal to 
ℓћ since the amount of orbital angular momentum carried by the beam is dependent upon the 
topological charge. We were able to produce various orders Laguerre-Gaussian beams as illustrated 




in Fig. 5.3 by varying the grey scale pattern addressed to the spatial light modulator. We further 
incorporated a Laguerre- Gaussian beam carrying a topological charge of one into the optical 
trapping system and observed a clockwise rotation of a graphite particle which confirms that these 
beams do carry orbital angular momentum which can be transferred to a trapped particle.  
We also experimentally produced Bessel beams which are a class of non diffracting beams and 
further went on to experimentally validating the existence of Bessel-like beams. Bessel beams are 
well known for their non-diffracting and self reconstructive properties. We used an axicon to 
generate zero and higher-order Bessel beams. In the case of a zero order Bessel beam, we passed a 
Gaussian beam through the system and generated a Bessel beam in the near field which had an 
intensity profile of a central bright spot surrounded by concentric rings which in the far field 
transformed into a conical field represented by an an ular ring. Using the knowledge gained from 
generating various order of Laguerre-Gaussian beams we were able to produce higher order Bessel 
beams by varying the field that was passed through the axicon. These Bessel beams illustrated the 
same properties of a Laguerre-Gaussian beam since it also had a central zero intensity and the far 
field intensity profile obtained was an annular ring.  
Considering that this abrupt change in intensity profile from the near to the far field can be a major 
disadvantage to these beams, we came up with a new optical scheme that overcame this problem. 
Using a double axicon system such that we varied th cone angle with respect to the propagation 
distance we were able to successfully produce a Bessel beam that retained its spatial distribution as 
it propagated from the near to the far field and so named these beams Bessel-like beams.  
By passing a Gaussian beam through this double axicon system we produced a zero order Bessel 
like beam which like a zero order Bessel beam had a central bright spot surrounding by concentric 
rings however it retained its spatial distribution as it propagated. We replaced the starting field to 
allow various order of Laguerre-Gaussian beams to pass through the system and produced higher 
order Bessel like beams which also had a central zeo intensity. It is well known that Bessel beams 
undergo self reconstruction, and to test that the same property holds for Bessel like beams we 
placed an obstruction in the path of a Bessel-like beam and showed successful reconstruction. The 
difference between a Bessel and Bessel-like beam is that there is no limitation on the position of 
obstruction. For a Bessel beam the obstruction has to be placed within the non-diffracting region, 
however since Bessel-like beams retain their spatial distribution as they propagate the obstruction 
can be placed at any position along the propagation xis.  




Retaining the spatial distribution of a Bessel beam is an advantage, although this was achieved at 
the expense of losing the non diffracting nature of these beams which was experimentally shown by 
considering the spreading of the central region of these beams as they propagate, the slight 
diffraction being linear with an increase in propagation distance. The higher the order of the Bessel-
like beam the greater the diffraction.  Even though these beams are quasi non-diffracting, Bessel-
like beams are an interesting addition to the class of Bessel beam.  
Overall using a spatial light modulator is a useful tool to produce novel beams which when 
incorporated into an optical trapping system can yield interesting results.  









The aim of this work was to generate novel beams and utilise them within an optical trapping 
system.  In chapter two we dealt with understanding the properties and behaviour of a Gaussian 
beam. From the Helmholtz equation we derived the field of a Gaussian beam and thereafter looked 
at understanding each parameter that affects the field. We showed that a Gaussian beam is 
propagation invariant hence it retains its spatial d stribution as it propagates, although not its size. 
We also looked at how a Gaussian beam would propagate when encountering an optical element 
such as a thin lens and from this we were able to show how the imaging equation was derived. By 
using a thin lens and determining the width of a Gaussian beam at set intervals away from the lens 
we were able to use the quadratic form of Eq. (2.33) to determine the quality of a beam which is the 
M2 value. For our laser the M2 was approximately one which denoted we had a good quality 
Gaussian beam.  
We went on to using our knowledge of a Gaussian beam to generate various novel laser beams. 
Using a diffractive optical element known as a spatial light modulator (SLM) to vary the phase of a 
Gaussian beam according to the appropriate grey scale ph se pattern projected onto the screen of 
the SLM we produced various order of Laguerre-Gaussi n beams which carry orbital angular 
momentum. We showed that these beams diffract slightly as they propagate.  A class of non-
diffracting zero- and higher-order Bessel beams were produced using a conical optical element 
known as an axicon. These beams exist for a finite propagation distance after which they undergo a 
spatial transformation into a conical field depicted by an annular ring. Of interest was the idea of 
generating Bessel-like beams, which are demonstrated experimentally for the first time. These 
beams should make their mark in the field of optics due to the fact that they retain their spatial 
distribution as they propagate from the near- to the far-field or in better terms towards infinity 




however they do so at the loss of their non-diffracting nature as seen by the divergence of the 
various higher-order Bessel-like beams. It was illustrated that like Bessel beams they also undergo 
self reconstruction.  
The principles of an optical trapping system have be n investigated, with particular emphasis in 
understanding how the variation in the size of the particle with respect to the wavelength of the 
trapping laser could affect the forces acting on the particle. It was verified that the gradient force 
must exceed the scattering force in order to attain an optical trap. Each of the key components that 
form an optical trapping system was reviewed from which a successful optical trapping system was 
built to stably trap micron sized particles in the axial direction and manipulate these particles by 
movement of the laser beam itself. Furthermore it was observed that a strongly trapped particle 
remains un-affected by the movement of surrounding particles.  
By carrying out various calibration methods, it was demonstrated that it is possible to accurately 
and precisely determine the strength of the trap. This was achieved by carrying out  the drag force, 
equipartition and power spectrum calibration methods. For the drag force method we obtained a 
trapping force of (6.12 ± 1.32) pN at 100 mW and (0.93 ± 0.51) pN at 10 mW. The equipartition 
method measured at 10 mW the trapping force was (1.85± 0.18) pN in the x direction and (1.83 ± 
0.18) pN in the y direction while the trapping force at 100 mW was (7.03 ± 1.37) pN in the x 
direction and (7.22 ± 0.18) pN in the y direction. The power spectrum method made use of the 
centre of mass algorithm to track the particle to determine the trapping force. At 10 mW power the 
trap stiffness was determined to be (0.86 ± 0.21) pN while at 100 mW the trap stiffness was (3.64 ± 
0.43) pN. It can be concluded that at higher powers one would obtain a stronger trap.   
Lastly we considered a novel trap where we introduce  a Laguerre-Gaussian beam carrying a 
topological charge of one into an optical trapping system and were able to rotate a graphite particle 
with a rotation rate of 0.83 Hz. This proved that orbital angular momentum is easily transferred to a 
trapped particle. 
Overall we showed that novel laser beams can be succe sfully produced using a spatial light 
modulator and using an optical trapping and tweezing system can be a useful tool to carry out force 
measurements and manipulate micron sized particles.   
 




8.2 Future Work: Discovering Avenues in the Field of Microfluidics  
As far as future work is concerned, optical trapping and tweezing is a versatile tool that can be 
incorporated into the emerging field of microfluidics. Microfluidics opens up avenues to carry out 
research on a microscopic scale instead of in the bulk to investigate flow control analysis for 
example. This enables one the ability to cut down resources and carry out investigation in the 
micron scale. An image of a microfluidic channel is represented in Fig. 8.1. Most microfluidic 
devices (channels) are made up of a material known as PDMS (Polydimethylsiloxane) (Sia & 
Whitesides, 2003). 
 
Fig. 8.1 Image illustrating a microfluidic channel with a depth of 100 µm. 
Optical trapping proves to be useful in this field since incorporating a spatial light modulator into an 
optical trapping system allows for the ability to produce an array of optical traps within a 
microfluidic channel to hold mesoscopic and biological particles which can be addressed 
independently by chemical reagents in a controlled manner (Eriksson et al., 2007; Merenda et al., 
2007, Ozkan et al., 2003; Uhrig et al., 2009). Alternatively using various Laguerre-Gaussian beams 
which transfer orbital angular momentum to a trapped article causing it to rotate can influence the 
mixing of different media within the channel. This will also allow one the ability to measure fluid 
flow by using the Stokes drag force method (Padgett et al., 2006). An optical trap can also be used 
to direct particles for optical sorting within a microfluidic channel (Enger et al., 2004; MacDonald 
et al., 2003, MacDonald et al., 2004; Lin et al., 2008) as illustrated in Fig. 7.2.   




This is achieved by trapping a particle as in Fig. 8.2(a) and moving it down the column, Fig. 8.2(b), 
and thereafter upon reaching the junction releasing the particle from the trap and allowing the fluid 
flow to push the particle along as indicated in Fig. 8.2(c).   
 
 
Fig. 8.2 A pair of optical tweezers is a useful tool t  sort particles within a microfluidic channel. 
Overall optical tweezers incorporated in the field of microfluidic offers a vast number of 
possibilities that will be beneficial to study.   This is all possible using the knowledge gained from 
beam shaping using optical tweezers as an effective tool for manipulation of micron and nano sized 
particles.
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A1. SLM Calibration Method 
A spatial light modulator is a liquid crystal device that is electronically addressed by a circuit board 
in order to modulate the phase or amplitude of light. T e liquid crystal is made up of birefringent 
molecules arranged in a lattice formation enclosed by two electrodes as seen in Fig. A1. The main 
characteristic of these crystals is that they are birefringent. They are arranged such that they consist 
of 1920 by 1080 pixels each having a dimension of 8µm.  
 
Fig. A1 Illustration of the structure of the liquid display of a spatial light modulator. 




When an electric field is applied to the electrodes, the molecules tend to tilt in the direction of the 
electric field. This brings about a change in the refractive index seen by the light which in turn 
causes a change in the phase. Keep in mind that the phase is represented by grey-level pattern that is 
programmed onto the liquid crystal. In order to understand how the phase changes with respect to 
an applied electric field, we consider two cases which illustrate a 0 and 2 π phase shift. In the case 
for a zero phase shift there is no applied electric field as observed in Fig. A2(a). The liquid crystal 
molecules are aligned parallel to the electrodes; however, when a voltage is applied across the 
electrodes, the molecules will align itself in the direction of the electric field as indicated in Fig. 
A2(b). 
 
Fig. A2 Illustration of the effects a change in phase has on the liquid crystal. 
The phase shift δ is given by 




πδ                                                    (A1)  
where δ is the phase shift, ℓ is the path length of the light as it travels through the birefringent 
medium, ⊥− nn//  is the change refractive index seen by the light and λ is the wavelength. Since the 
applied voltage is proportional to the refractive index seen by the light, clearly for a zero applied 
field the phase shift is zero and noticeably the phase shift is wavelength dependent. 




Now if an electric field is applied to the electrodes, the liquid crystal molecules will tend to rotate in 
the direction of the electric field. This brings about a change in the refractive index as seen by the 
light and hence a change in the phase shift. 
Since the phase shift is wavelength dependent, the SLM has to be calibrated for a specific 
wavelength in order to ensure an appropriate change in the phase shift from 0 to 2π. For this reason 
the SLM has to be calibrated prior to being used in any application.  
A2 Procedure of Calibration 
The SLM is calibrated in order to verify that there is 0 to 2π phase shift over all 256 grey-levels. 
The first step would be to measure the phase modulation over the entire 256 grey-levels.  This is 
achieved by carrying out the experimental setup represented in Fig. A3. The key components to 
consider would be that the beam should large enough to illuminate the entire plate as seen in Fig. 
A4(a) so that the two spots that are reflected on the screen of the SLM have an even distribution of 
intensity, Fig. A4(b). 
 
Fig. A3 Optical system used to calibrate an SLM. 
 







Fig. A4 The following diagram describes the correct illumination required for the calibration of the 
SLM: (a) the beam has to cover both the spots of the mask and (b) the two spots have to sit evenly 
on the screen of the SLM as well as there should be an ven distribution of intensity. 
For this reason beam expanders of focal lengths 15 and  300 mm respectively were used to magnify 
the beam by a factor of 20 times. A third lens of focal length 200 mm was used to focus the beams 
onto a 20x objective lens. The purpose of the objectiv  lens was to superimpose both the spots onto 
each other such that the interference of both beams could be detected. A webcam was used for the 
detection of the interference pattern presented in Fig. A5. 





Fig. A5 Interference pattern obtained when both the beams are superimposed on each other. 
 
The interference pattern is scanned horizontally using the software to generate a one dimensional 
intensity plot of the interference pattern for each grey-level as in Fig. A6. The red dots represent the 
intensity minima of the intensity pattern for each grey-level. 
 
Fig. A6 One dimensional greyscale plot of the interference pattern obtained. 
 




By substituting the appropriate value into the software, it is seen that the grey-level of 255 gives a 
phase shift of Fig. A7, which shows that the device is not calibrated for this wavelength hence the 
voltages which address each pixel have to be altered to produce this required 0 to 2π phase shift. 
Repeating the procedure described will result in the in the appropriate 0 to 2π phase shift shown in 
Fig. A8. 
 
Fig. A7 The measured phase (red) and the desired phase shift (yellow). 
 
Fig. A8 The measured phase (red) and the desired phase shift (yellow) after the voltages have been 
adjusted appropriately. 
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Abstract: 
We present a method to higher-order Bessel beams with z-dependent cone angles.  Such 
fields, if engineered correctly, are shape invariant during propagation and thus do not suffer 
from a transition from a Bessel-shaped intensity profile in the near field to an annular ring 
in the far field.  We demonstrate the production of such fields in the laboratory with an 
optical system comprising a combination of two axicons and a lens, allowing for control of 
the cone angle of the resulting field.  While the resulting shape invariant fields are not 
perfectly non-diffracting, they do maintain many of the some properties of Bessel beams, 
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Bessel beams (BBs) have been extensively studied du to their non-diffracting and self 
reconstructive properties and are one of many solutions to the Helmholtz equation.  Durnin 
et al. [1] outlined a method of producing zero order B ssel beams by illuminating a circular 




slit followed by a Fourier transforming lens, and has since been followed by both internal 
[2,3] and external to the laser cavity [4,5].  One of the most efficient methods to create a 
zero order Bessel beam external to the laser cavity is o pass a Gaussian beam through a 
conical lens, or axicon, with the interfering conical waves producing the desired field 
within a well defined region (dependent on the cone angle of the axicon). Anywhere within 
this region the Bessel beam is both non-diffracting and self-reconstructing [6]. At the 
boundary of this non-diffracting region the Bessel beam undergoes an abrupt 
transformation from a Bessel-shaoed intensity profile (near-field) to an annular-ring-shaped 
intensity profile (far-field) of the conical field. Replacing the input Gaussian beam with any 
higher-order Laguerre-Gaussian (LG0l) beam leads to the generation of higher-order Bessel 
beams [7] with the aforementioned properties. This abrupt change in intensity profile can 
be considered as a major disadvantage to such beams, for example, in the limited distance 
over which a particle may be optically trapped [8]. It has been shown that this limited 
region of validity of the Bessel beam can be overcome by generating Bessel beams with z-
dependent cone angles. These beams, so-named Bessel-like beams (BLBs), and have the 
advantage of retaining their spatial intensity distribution as they propagate from the near- to 
the far-field: shape-invariant fields. Many techniques have been considered for the 
generation of BLBs, including introducing spherical aberrations into an optical system [9, 
10]. The idea here is to form cone–like propagation in order to obtain a uniform on–axis 
profile. Alternatively these beams are generated using a defocused Galilean-type telescope 
in order to introduce negative spherical aberrations into the optical system[11,12] however 
it was recently shown that it is possible to create such BLBs using an aberration free 
method [13].  However, the properties are such beams have not been fully explored, nor 
have the techniques been shown to extend to the generation of higher-order Bessel beams.   
In this paper we outline an optical system of a double axicon and a lens that may be used to 
generate BLBs of any order, and show that the generated beams remain shape invariant 
during propagation.  We show that such BLBs remain self-reconstructing, but exhibit slow 
diffraction during propagation.  The changing scale of the field suggests that the on-axis 
intensity gradient of such BLBs may be controlled, of relevance to optical trapping and 




tweezing, while the encoded vortex is unaltered through the optical system, thus 
maintaining the orbital angular momentum properties of the field.   
 
2. Generation of Bessel beams (BBs) 
 
Mathematically a Bessel beam is said to exist over an infinite area and carry an infinite 
amount of power. This holds to be true in theory however this ideal case is not reproducible 
in the laboratory. In principle we are able to generat  a Bessel-Gauss beam where the field 
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whereA is the amplitude factor,0w is the beam waist, k  is the wave vector given by λ/π2  ,  
rk is the wave vector in the radial direction defined by θsink , z is the direction while 
Rz , )(zw , )(zR  and )(zζ are the Rayleigh range, beam width, radius of curvat e and Gouy 
phase shift  respectively all of which are expressed as 
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= −ζ               (5) 
From the definition of Eq. 1, the field at z = 0 may be expressed as  























rkAJrE r                                      (6) 
Furthermore it is possible to produce various higher-orders Bessel beams by merely 
replacing the starting field by a Laguerre-Gaussian field.  The field of a higher-order Bessel 
beam is represented by  
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where the order of the topological charge, l  ,determines the order of the Bessel beam, φ  is
the azimuthul phase while the rest of the parameters hold the same definition as expresses 
previously.  
Prior to elaborating on the generation of BLBs, it is instructive to briefly review the 
generation of conventional BBs of any order.  It is well known [15] that illuminating an 
axicon with a Laguerre-Gaussian beam of zero radial order and azimuthal order l esults in 
a BB of order l, described by a Jl function.  Such an optical set-up is shown schematically 
in Fig.1.  
 
Fig.1. Design to generate a zero-order bessel beam using a single axicon. 
 




We first reproduce the results of [ref] using green laser source (frequency doubled Nd: 
YAG laser, MG-532C-2000), suitably collimated, and passed through an axicon of cone 
angle γ= 5o.  The results are as expected: the l = 0 Laguerre-Gaussian beam (Gaussian) is 
transformed into a BB of order l = 0 (Jl) with a Bessel profile in the region defined by zmax 
and an annular ring outside this region.  Comparison of theory and experiment is shown in 
Fig. 2.    
 
Fig.2. Theoretical and experimental images of the generation of a Bessel beam using a 
single axicon: (a) is an image of a theoretical Gaussian beam followed by the corresponding 
experimental image (b). (c) and (d) are theoretical and experimental images respectively of 
the near-field intensity profile of a bessel beam. As observed the intensity is greatest at the 
central position followed by concentric rings. The far-field intensity profile is a conical 
field depicted by a annular ring whereby (e) is the th oretical image of field while (f) is the 
experimental observation.   
 
By replacing the input Gaussian beam by a Laguerre-Gaussian beam of azimuthal order l 
(LGl) it is possible to produce higher-order Bessel beams (BBl) [15]. Laguerre Gaussian 
beams belongs to a family of beam’s that carry orbital angular momentum [16].  The orbital 




angular momentum carried by a Laguerre Gaussian beam is dependent upon the order of 
the topological charge it carries and since it is the azimuthul phase term that leads to the 
amount of orbital angular  momentum carried by the beam, the higher the topological 
charge, the greater the amount of orbital angular momentum carried by the beam. There are 
many ways to generate a LGl beam; we opt here to create the azimuthal phase variation 
using a grey-scale digital hologram programmed onto a phase-only spatial light modulator 
(SLM), as illustrated in Fig. 3.  The input Gaussian beam (a) was directed onto a SLM 
(Holoeye Pluto, 1080 x 1920 pixels) programmed with an appropriate grey scale phase 
pattern (b) in order to increase the azimuthal index of the field from 0 to l.    
 
Fig.3. Optical system to generate various orders Laguerre-Gaussian beams consisting of a 
spatial light modulator used to manipulate the phase of the incoming beam accordingly 
followed be a single lens of focal length 100mm that relayed the plane at which the beam 
was imaged which was captured by a Scorpion IEEE 1394 CCD camera (model SCOR-
20S0). A 10x objective lens was used to magnify the beam onto the camera. 
 
This procedure was carried out for various orders of l by appropriate choice of hologram.  
The experimental results obtained are represented i Fig. 4, showing that the vortex of the 
input beam could be adequately controlled.  





Fig.4. Experimental images of the generation of various orders Laguerre-Gaussian beam 
using a SLM. When a uniform grey scale pattern was addressed to the screen of the SLM 
(a), the phase of the beam remained unaltered hence theoretical (b) and experimentally (c) 
we generated a Gaussian beam. However by changing the rey scale pattern to modulate 
from black to white (d) once such that the phase of the beam is said to be altered from 0 to 
2π  once we obtained a first order Laguerre-Gaussian beam both theoretically (e) and 
experimentally (f). Higher-order Laguerre-Gaussian beams were generated by increasing 
the number of times the phase varied from 0 to 2π by changing the grey scale pattern 
accordingly.  




In order to produce high-order BBs, the generated LGl beams were propagated through the 
optical scheme illustrated in Fig.1.  As with the zro-order Bessel beams, higher-order 
Bessel beams exist for a finite propagation distance and have an annular ring as the far-field 




Fig.5. Experimental images of the various higher-order Bessel beams. 
A BBl beam carrying a topological charge of one, as seenin Fig. 7(c), has a central zero in 
intensity associated with the vortex of the beam.  As the order of the vortex increases so 
does the region of the central null intensity, and likewise for negative topological charge.  
The far-field intensity profile in all cases was an annular ring. 
 
Having reviewed the known generation of zero and higher-order Bessel beams, which exist 
for a finite propagation distance, we now turn our attention to the subject of this paper: the 
generation of shape invariant Bessel beams.  




3. Generation of Bessel-like beams (BLBs) 
 
Thus far a single axicon was used to generate Bessel beams of any order, with the Bessel 
beam existing over a finite propagation distance. The scheme illustrated in Fig. 6 consists 
of two axicons and a single lens which will be used to overcome this abrupt change in 
intensity profile from the near- to the far-field. When a Gaussian beam is passed through 
the lens and the first axicon an annular ring is produced at a distance f after the lens (the 
Fourier transform of the Bessel field produced by the first axicon alone). This annular ring 
is thereafter illuminated onto the second axicon.  It has been shown that this system results 
in a Bessel beam with a cone angle that changes with propagation distance, tending to zero 
in the limit of very large z [13]. A consequence of this is that the radial profile of the field 
remains Bessel-like in shape during propagation from the near- to the far-field. 
 




Experimental observation of the generation of a zero-order Bessel-like beam is illustrated in 
Fig. 7. When the system was illuminated by a Gaussin beam as seen in Fig. 7(a) a zero-
order Bessel-like beam was produced in the near field as illustrated in Fig. 7(b), while after 
propagating a distance far greater than zmax  (124.25 mm) the field remains shape invariant 
(Fig. 7(c)).  Such a field has several useful propeties, including the capability to have a 
higher concentration of energy in the core of the beam as opposed to the conventional non-
diffracting beams [11, 12].  
 






Fig.7. Experimental images of the generation of a zero-order Bessel-like beam in the near- 
and far-field. 
We now combine the results of the previous section, with the concept in this section, to 
produce shape invariant BLBs for the first time. In order to incorporate the scheme in Fig. 6 
into an experimental setup, a frequency doubled Nd: YAG laser (λ = 532 nm) was directed 
onto a phase-only SLM (HoloEye PLUTO VIS SLM with 1920×1080 pixels and calibrated 
for a 2π  phase shift at λ = 532 nm). The SLM was used to vary the beam illumnating the 
axicon. By means of changing the phase pattern depicted on the screen of the SLM, the 
phase of the initial beam was modulated accordingly. Thereafter the respective beam was 
passed illuminated onto the first axicon followed by a Fourier lens of focal length 40 mm 
and thereafter passed through the second axicons. Both axicons were placed a distance 
75mm apart. The images were captured on a Scorpion IEEE 1394 CCD camera (model 
SCOR-20S0). The following setup as constructed in the laboratory is shown in Fig. 8 






Fig.8. Experimental setup to generate z-dependent Bessel-like beams where an SLM 
(HoloEye PLUTO VIS) was used to modulate the phase of the beam that was passed 
through the double axicon system which consisted of a Fourier lens L1 with a focal length 
of 40 mm and 4x objective lens was used to magnify the beam onto the camera.  
By traversing through the optical system such that a Gaussian beam as seen in Fig. 9(a) was 
directed onto the SLM containing a grey scale phase p ttern that modulated the phase of the 
incoming beam from 0 to 2π once which produced a first order Laguerre-Gaussian as 
represented in Fig. 9(b). It is apparent that the Laguerre-Gaussian beam had central zero 
intensity since it contained a central dark hole. This beam was thereafter illuminated onto 
the first axicon and a Bessel beam was generated. Thereafter using a lens with a focal 
length of 40 mm the Bessel beam was Fourier transformed to form an annular ring. This 
annular ring was thereafter passed through the second axicon such that a Bessel-like beam 
was produced (near-field intensity profile) that contained central zero intensity surrounded 
by concentric rings as represented in Fig. 9(c).  By Fourier transforming this BLB we 
observed that in the far-field the beam retains is shape as observed in Fig. 9(d). 





Fig.9. Experimental images of the generation of a higher-order Bessel-like beam carrying a 
topological charge of one in the near- and far-field. 
 
This procedure was carried out for various order Bessel-like beams by passing a Laguerre-
Gaussian beam (Gaussian) through the double axicon and lens system and a summary of 
the results obtained are represented in Fig. 10. 





Fig.10. Summary of the experimental observation of z-dependent Bessel-like beams. 
 
The self reconstruction properties of Bessel beams have been extensively studied over the 
years [17, 18]: it is now understood that if an obstruction is placed within the validity 
region of a Bessel beam it will self-reconstruct after some distance defined as the shadow 
region measured by ))1ntan((2/D γ− where D is the diameter of the obstruction,  is the 
refractive index of the axicon and γ is the cone angle of the axicon [19]. Furthermore we 
note that if the obstruction is placed off the optical axis then the conventional non-
diffracting Bessel beam will only partially self-reconstruct. Here we show that BLBs also 
exhibit this characteristic. To illustrate that these beams also possess the ability to self-
reconstruct upon encountering an obstruction a ball bearing of diameter 0.12 ± 0.001 mm 
was placed in the path of a first order BLB as shown in Fig. 11. The Bessel-like beam 
before reconstruction is represented in Fig. 11(a). Upon placing the ball bearing 200 mm 
away from the second axicon we observed that the central region of the beam was 
overshadowed by the obstacle as seen in Fig. 11(b) however the outer rings of the beam are 
still seen. Taking into account the diameter of theobstruction the shadow region was 




calculated to be 239.08 mm after the obstruction. By placing the camera on a rail we were 
able to image the beam at various positions after th  obstruction to determine the distance 
at which self reconstruction occurs. We noticed that approximately 250 mm from the 
obstruction the beam started to reconstruct and at a distance 525 mm from the obstruction 
we noticed a complete reconstruction of the beam as illustrated in Fig. 11(c). Since the 
BLBs are not confined to distances z < zmax, the axial position at which the obstruction has 
to be placed is not a limiting factor. More particularly since BLBs retain their spatial 
distribution as they propagate there is a continuous interference of light rays throughout the 
optical axis. Due to this an obstruction placed outside the zmax region or even off the optical 
axis will still result in a successful reconstruction of the beam. In our case the obstruction 
was placed approximately 75.6 mm outside the zmax region and noticeably we obtained a 
well reconstructed BLB.   
 
Fig.11. Self reconstruction of a Bessel-like beam carrying a topological charge of one: (a) 
the beam before encountering an obstruction; (b) overshadowing of the beam due to the 
obstruction being placed in its path and (c) the Bessel-like beam has undergone a complete 
self-reconstruction.  
 
Finally we remark on the free-space propagation of such fields.  While we have shown 
them to be shape invariant, they are no longer non-diffracting. We measured the diffraction 
of the various order BLBs by placing the camera on a rail and thereafter imaged the beam 
at a range of positions along the axis of propagation in increments of 100 mm intervals. The 
central region of the beams was measured and the results obtained are illustrated in Fig. 12. 
We observed that in all cases there was a linear increase in the width of the central region 




as the propagation distance was increased. This effects was influenced by the order of the 
BLB such that the higher the order the greater the diffraction.   
 
Fig.12. Graph illustrating an increase in divergence of various orders Bessel-like beams as 
they propagate from the near- to the far-field. 
 
To further illustrate this increase in diffraction, Fig. 13 and 14 represents intensity profiles 
of a zero- and a higher-order Bessel-like beam (with a opological charge of one) at over a 
distance of a 1000 mm. Furthermore we measured the central region of the zero-order BLB 
in Fig.13 (frame a) to be approximately 13 µm which compared to frame (t) where the 
central region was measured to be 25 µm concludes that these BLBs slightly diffract as 
they propagate.  This confirms that there is change i  the size of the beam which is 











Fig.13. Images of a zero-order Bessel-like beam retaining its spatial distribution as it 
propagates from the near- to the far-field. 
 
 








Fig.14. Images of a higher-order Bessel-like beam crrying a topological charge of one 
retaining its spatial distribution as it propagates from the near- to the far-field. 






We have verified previously reported results on the generation of Bessel beams of zero and 
higher-order, and exploited these techniques for the demonstration of shape invariant 
higher-order Bessel-like beams. These beams were shown to have similar near- and far-
field intensity profiles, albeit with a scale factor difference, indicating the reduction in the 
non-diffracting nature of such fields as compared to ideal Bessel beams. Although they are 
not perfectly non-diffracting, such fields have an on-axis intensity gradient in the direction 
of propagation which can be useful in certain applications, for example, in optical trapping 
for accelerating trapped particles along the Bessel column.  
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